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MHTHOD AKH APPARATUS KDK PROViniNCt 
PASSIVE FLUID FORCg FgEDBACK 

TficlinfCr^] Field 

5 The present invention relates generally to interface devices between butnans and computers, 

and more particularly to computer input devices that provide force feedback to the user. 

Background 

Computer systems are used extensively in the home entertainment industry to implement 
video games, video simulaaons. and the like. In the video giufie iiidusiLry, d video K<^ie ujnipuicr 

10 system displays a visual game environment lo a user on a display screen or other visual output 
device. Usei-s cm interact witli the displayed environment to play a game, experience a simulation 
or "virtvM reality" ftnvironroenf. or ntherwi.^ft intluencft events depicted nn the screen. Such user 
interaction is implemented through the use of o human-computer interface deviec, such as a 
joystick, "joypad** button controller, mouse, stylus and ubleu or the like, that is connected to the 

1 S computer system controlling the game environment. 

One common interface device to game environmeots is a joysdck controller. A joystick 
usually incluUcb a member fur the u>er to ^d^p and move in one or mure dc^VM uf free Jum. Tlie 
user's manipulations of the joystick are input to the computer system and the results or effects of 
these manipuladons are typically displayed to the user on the display screen, ^^'hile a standard 

20 joystick is effective in allowing a user to input comimands to a game environment, it is limited to 
providing only input to the game computer system. The user con receive feedback about the results 
of his or her actions only through the visual medium of the display screen and, usually, the 
auditory medium. A standard joystick cannot itself provide feedback information to the user. For 
example, if the simulated aircraft that the user is controlling in a game environment collides with 

25 another aircraft, the user only receives the visual and auditory feedback that such a collision 
occurred. The standard joystick has no moons of conveying such collision information to the user. 

Joysticks and other input devices have been developed to provide tactile ("haptic") feedback 
lu a uiica, uiuic >;cncrally known ai "forvc feedback." Th«c iyp)cs of joy slicks can provide 
physical sejisations to the. user manipulating the jo>'Stick. Typically, motors are coupled to the 
30 joystick and arc connected to the controlling computer system. The computer system can provide 
forces on the joystick in conjunction with gaming events by controlling the motors. Vhrnugh such 
a joystick, the computer system can convey to the user the physical sensodon of colliding into a 
wall, xuuvins ihruugh a liquid, driving over a bumpy road, and other sensations. The user can 
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thus «perip.nr^. an eniire sensory dimension in flic gaming experience that was previously absent. 
Force feedback joysticks can provide a whole new modality for human-computer interaction. 

Force feedback input devices of the. prior art have cnncenrrated on providing maximum 
haptic fidelity, i.e.. the realism of the tactile feedback was desired to be optimi2ed. This is because 
S most of the force feedback devices have been largcted ai the specific needs of highly industrial 
applications. To anain such realism, important design concerns such as size, weight, complexity, 
power consumption, programming companbilicy, cost, aesthetics* and safec>' have be« sacrificed. 
As a result, typical force feedback mfichanisms are complex robotic mechanisms which require 
precision components, high speed inierfacx clccirunicb, and cApciiiivc actuators. 

10 To provide realistic force feedback, die dcviu;s of die piioi art typically use servo motors 

under computer control. Pneumatic and hydraulic devices are. also ncftrt a^ arniarnrQ in fonv. 
feedback devices. In pneumadc and hydraulic devices, a source of pressurized fluid is usually 
coupled to a piston in a cylinder, and the flow of the prcssurijed fluid is controlled b>' a computer 
system to provide active forces to the user. For example, a pneuiiiatic system is described by 

15 Burdea er ai in U.S. Patent 5,143,505, in wliich active pncuiuaiic aciuaiois aj-e ^^luviJcJ on <xn 
interface glove to provide force feedback to a user's fingers. These systems regulate, pressurized 
air to generate active forces to the user. 

While the potential market and applications of force feedback controllers in the home video 
game industry is immense, a number of concerns face the potential providers of force feedback 

20 joysticks to the general public for video game and similar applications. Foremost among these 
cunccni^ i6 tlic i^^uc of u^cr safety. Because a for;;c feedback device can impan physical forces 
upon the user, the potential for injury must be carefully addressed. One t\'pe of potential injury is 
an impact injury, which is caused by a driving blow to the user from the joystick handle. Equally 
as important are repetitive motion injuries, which are debilitati\-e injuries that are cau.<;ed by 

25 moderate jarring of the user's band over an extended period of game play. Such injury issues must 
be resolved before force feedback joysticks can be practically sold to the general public. 

In the prior an feedback controllers, active forces are directly applied to the user to provide 
an inherendy unsafe controUer. In addition, high accelerations are usually produced to provide a 
wide range of force signal fnoqucncies and achieve the desired high realism. However, such 
30 accelerations are even more unsafe for a user operating the device. These joysticks and other 
devices are dius unfit for the home market of video games and the like. 



Other concerns regarding force feedback joysticks include the efficiency of manufacturing 
and niarkciing Uic joysticks. The cost, complexity, reliability, and size of a force feedback joystick 
for home use should be. practical enough to mass produce the devices. In addition, aesthetic 
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concerns such as compactness and npftraring noise level of a force feedback device are of concern 
iu the home markei. Since the prior art fccdbock controllers are mainly addressed to specific 
applications in industr>\ most force feedback mechanisms are costly, largc» heavy, have sijmifitiini 
power requirements, axe difficult to program for applications. The prior an devices reqnirip high 
5 speed concrol signals from a cunUvlIing computer for subilit>\ which usuaUy requires more 
expensive and complex dectrnnir^: In addition, the prior art force feedback devices are typically' 
large and noisy. These factors provide many obstacles to the would-be manufacturer of force- 
fe.ftrlh;?ck joysticks to the home video game market. 

For example, the pncumatjc force feedback device of Burden et al mentioned above 
10 includes many disadvoniagcs to a would be provider of force feedback devices in the home video 
game industry. The force feedback Interface of Burdea ti al requires a idi^c ijiicifdtc box 
including bulky pressure regulators, pressurized air supply, and a large 24-vo]r power supply. 
Tlic atiivc iJiicuiiuiuc actuators of Burdea et al require high speed control signals to operate 
effectively and pmvirte stahiiiry. Hnally, Burdea et aVs pneumatic actuators can potentially be 
15 dangerous for a user when strong or unexpected forces ore generated on a user of the interface. 

Therefore, a safer, less expensive^ less complex, more compact, more reliable, easier 
programmed, more aesthetic alternative to force feedback interface devices is desired for cenain 
applications. 

Disclosure of the Invention 

20 The present invention provides a human/computer fluid-resistance interface device that 

provides force feedback to a user operdtin^ the device. Tlic device include) coiupuici-conuoUed 
pneumatic or hydraulic dampers that provide a modulated passive damping resistance to the motion 
^of an object that is controlled by a user. The interface device of the present invention is inherently 
safer for a user, requira^s lower power, and is less costly to produce than active actuators and oiher 

25 types of pneumatic/hydraulic actuators- 
More parucularly, an apparatus of the present invention for int^acing the motion of an 
object with an electrical system includes a sensor, such a di^iul encoder, llidi delects uiovcuicul 
of an object along a degree of freedom and develops an electrical sensor signal for the electrical 
system. The sensor is coupled to the object in the preferred embodiment. The apparatus also 

M) include.^ a pa^.^ive fluid-resistance mechanism, such as a pneumatic or hydraulic damper, coupled 
to the object to transmit a drug to the object along the degree of freedom and resist a movement of 
the object. The damper is responsive to an elecuical resistance signal provided by the eiecuical 
system and, with the sensor, provides an electromechanical interface between the object and the 
electrical system. In the preferred embodiment, the object is a joystick controller. 
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lo the preferred embodimem, ihe pa^isive damper uses air (or a differeot gas) flow to 
control the damping rp..^i<;rance nnrpiir hj' The. rf^^mpe.r. In aUemarft emhodimf.nfs. the. passive 
damper can be a hydraulic brake utilizing bquid flow. The passive damper includes a cylinder and 
a pi.unn operative to move within the cylinder. A valve is included for regulaiing a flow of a fluid 
5 through the cylinder, the valve being controlled by a digital computing apparatus to transmi: a 
variable drag to the movement of the object. The valve can be an on-off valve which provides only 
two magnitudes of drag to the object. These two magnitudes include negligible drag when the 
valve ib upen, and luaxiiuuiii diag when die valve is closed to allow substantially uo luovcuicni uf 
the object along the degree of freedom. The valve can alieinatively be a variable valve thai 

10 provides multiple magnitudes of drag to the object. A solenoid can be coupled to the valve to 
control the opening and clo.«ing of the valve from the digital computing apparatus. A gimbal 
mechanism or slotted yoke mechanism can be coupled between the object and the damper. A play 
uiccljaiiiaiu cazi al^u be coupled between tlic daiupci aiid die object for piovidiiig a de5ijrcd amuuiiL 
of pl^y herween fhp. damper and rhe nbjerf along fh/». degnv. of tteednm. 'I'he pl;^y can include 

15 rotary backlash provided by a coupling coupled to the object and having a keyed bore which is 
smaller than a keyed shaft thai is received by the keyed bore. The keyed shaft is coupled to the 
damper. The desired play allows the sensor to detect movement of the object even when maximum 
rcbisitive furuc is applied to the object. 

Another apparatus for inicrfacing the modon of an object with an electrical system in 
20 accordance, with the present invention includes a gimbal mechanism providing a first revolute 
degree of freedom to an object engaged with the gimbal mcehaoism about an axis of rr^tation. The 
gimbal mechanism includes a closed loop five member linkage in a preferred emhortiment. A 
sensor is rigidly coupled to the gimbal mechanism for sensing positions of the object along the first 
degnse of freedom. A braking mechanism is coupled to the gimbal mechanism to create a passive 
25 damping resistance to movement of the object along the first degree of freedom. The braking 
mechanism provides the damping resistance by regulating the flow of a fluid. The braking 
mechanism and the sensor provide an eleciromfi^hanical mi£rfar£ between the object and the 
electrical system. This electrical system preferably includes a digiuil processing system for 
providing a braking signal to the braking mechanism and for receiving an electrical signal from the 
30 sensor. 

The gimbal mechaxusm preferably provides a second degree of freedom to the object about 
a second axis of rotation, and a second sensor senses positions of the object aluii^ Uic «xuiid 
degree of freedom. A .second braking mechanism creates a pa<;Qive damping resistance along the 
second degree of freedom by regulating the flow of a second fluid. The braking mechanism 
35 preferably includes a piston assembly and a valve, where the piston assembly includes a cylinder 
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and a piston operative to move within the cylinder. A pistnn rort couple.^ the piston to Uie objea 
and includes iwu ends, each end connected by a boll joint. 

A uietliod for interfacing motion of an object with on electrical system includes providing 
an object having a rlftpTi^ nf freedom. Positions of the object along the degree of freedom arc 
5 sensed with a sensor and electrical signals are produced from the sensor. A resistance to 
movement of the object Is created along the deface of fieedom by controlling the flow of a fluid. 
The degree of freedom can be a rotary degree of freedom or a linear degree of freedom. The step 
of crealin)^ a resistance to the object's movement includes coupling a passive broke to the object. 
The passive, hrakc can include a pii;ion assembly and a valve to control the flow of the fluid. In an 

10 alternate embodiment, the brake can include a piston assembly having a cylinder and a piston. An 
eleccrorheological fluid is provided in the cylinder, and a vuliii^c h applied to electrodes in the 
cylinder. The voltage induces an electric field, which, in turn. conrroU a vi«:n.<;Tfy nt the 
electrorheological fluid and dicrcby allows the flow of the fluid to be regulated. A gimbaJ 
mechanism or slotted yoke mechanism can also be indiirled tn provide two or more degrees of 

15 ficcdoiu to tlie object. Tbc gimbal mechanism can be a closed loop five member linkage. 

In yet another embodiment of the present invention, Q system for controlling an 
electromechanical interface apparatus manipulated by a user includes a digital coriipuicr sy^tcui fyr 
receiving an input control signal and for providing an output control signal which updates a 
process, such as a simulation or video ^amc prucc^^, ui response to the input control signal. A 

20 passive damper for receiving the output control signal provides a resistive three alnng a degree of 
freedom to an object coupled to the passive damper. The object is preferably grasped ond moved 
by the u!;er. The re.^istive force is based on a flow of a fluid within the passive damper, and the 
flow of the fluid is based on information in the output control signal. The force resists a user force 
applied to the object by the user alonK die device uf fiecduiu. A scusoi detects motion of the object 

25 and outputs the input control signal including information representative of the position and motion 
of die object to die digital computer system. 

Prrfcrttbly, die digital ujmpuicr updates a simulation process in response to the input 
control signal and displ;»ys a simulaTion (nr video game) to the user on a display screen. The 
passive damper is a pneumatic or hydraulic broke that includes a piston assembly and val\^ for 

30 regulating the flow of the fluid. The digital computer system preferably rcgulau::> the fluid fli^w by 
controlling the valve. Preferably, a local processor is coupled bet^^•een the digital computer system 
and tlic dainpci'/sciibur Uiai icccives tl)c output control signal from said digital computer system and 
providfts Si .second ontpnf cnnrml signal In the pa5.^ivc damper. The local processor also receives a 
second input control signal from the sensor and outputs the input control signal to the digital 

33 computer system. The local processor can provide the second output control Mj^ul ui ilic pd^^ivc 
damper in response to the position and motion of the object. Thi.^ can he «ccnnnpi.^hed 
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independenily of ilJC0U5)ut control signal from ihe digital computer system in a "reflex" process. 
A serial interface can output the output control signal from the computer system and can receive the 
input conuol signal to the conipucci systciu. A Uijtaul lu analog convener can receive the output 
control Mgnal. convert the output control signal to an analog control signal, and output the analog 
control signal to the passive damper. The output control sik^iial uin L-unirol the resistive force on 
the object to simulate the ohjccf moving into an obstacle, moving over a textured surface, or 
moving through q damping environment in accordance with the simulation or video ^jame. 

The force feedback of the present invention is provided by passi>x dampcis, wluch do not 
gciiciaic ruivc:^ on d user but instead provide a damping resistance to the morion of a joystick 
moved by a user. The present invention is thus inherently safe for a user to operate. In addition, 
the dampers require less power aiid sluwcr cuntrol signals than acdve actuators such a.^ arrive 
pneumatic or hydraulic acfiiators and motors. In addition, the dampers are less cosdy and require 
simpler computer control electronics than other types of passive aciuaUjRi. These improvemenis 
allow a computer system to have accurate control over a low-cost, safe interface providing realistic 
force feedback. - . 

These and other advantages of the present invention will become apparent to those skilled 
in the art upon a reading of the following specification of the invention and a study of the several ' 
figures of the drawing. 

Brief pggwription Qf the DrawtSgS 

Fi ^ure la is a schematic diagram of a transducer sy^rem in flrrordance with the present 
invention for providing passive force feedback to an object in a linear degree of freedom; 

Figure lb is a schematic diagram of on alternate transducer system of Figuie la for use in 
hydraulic systems; 

Figure Ic is a schciuaiic diagram of an alternate transducer system of Figure la far use in 
hydrauhc systems; 

Hgurft Id is a side sectional view of the piston assembly of Figure Ic; 

Kigiire. 2 is a schematic diagram of a first alternate embodiment of the transducer systcui of 
Figure 1q; 

Figure 3a is a schematic diagram of a second alternate embodiment of the transducer system 
of Figure la; 
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Figure 3b is a schematic diagram of an alternate transducer system of Figure 3a for use in 
hydraulic systems; 

Figure 4a is a schematic diagram of an interface system including transducer system5 of 
Figure 1; 

Figure 4b is a perspective view of the interface system of Figure 4a: 

Figure 5a is a schematic diagram of an altemaie interface system including transducer 
systems of Figure la; 

Figures 5b and 5c are schematic diagrams showing the toovement of a user object in the 
interface system of Figure 5a; 

Figure 5d is a perspective view of the interface system of Figure 5a; 

Figure 5e is a perspective view of the interface system of Figure 5a having a stylus- 
receiving user object; 

Figure 5f is a perspective view of the stylus-receiving user object of Figure 5c and a stylus; 

Figure 5g is a perspective view of the interface system of Figure 5a having a finger- 
receiving user object; 

Figure 5h is a perspective view of the finger-receiving object of Figure 5g and a user's 

finger; 

Figure 6a is a schematic diagram of a transducer system in accordance with the present 
invention for providing passive force feedback to an object in a rotary degree of freedom; 

Figure 6b is a schematic diagram of the u^ansducer system of Figure 4a where an object has ' 
been moved within the rotary degree of freedom; 

Figure 6c is a sectional side view of the damper shaft and a play mechanism of the 
transducer system of Figure 6a; 

Figure 6d is a sectional side view of the damper shaft and play mechanism of Figure 6c; 

Figure 6e is a detailed view of the keyed portions of the damper shaft and play mechanism 
of Figure 6c; 

Figure 7 is a schematic diagram of an aliemate embodiment of the transducer system as 
shown in Figure 6a; 
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Figure 8 is a schematic diagram of an interface system including the rransducer system of 
Figure 6a; 

Figure 9 is a perspective front view of a preferred embodiment of the interface system of 
Figure 8 including a joystick object; 

5 Figure 10 is a per5p)ective rear view of the embodiment of the interface system of Figure 9, 

Figure 11 is a perspective view of a slotted yoke mechanical apparatus used with the 
transducer system of Figure 6a; 

Figure 12 is a block diagram of a control system for the interface systems of the present 
invention: 

10 Figure 13 is a schematic diagram of a fust embodiment of the control system of Figure 12; 

Figure 14 is a schematic diagram of a second embodiment of the control system of Figure 

12; 

Figure 15 is a flow diagram illustrating a method for controlling the transducer systems x>{ 
the present invention. 

IS Best Modes for Carrying out the Invention 

In Figure la. a schematic diagram of a transducer system 10 for providing computer- 
controlled force feedback in accordance with the present invention is shown. Transducer system 
10 includes a damper assembly 12 and a sensor 14. A user object 18 is preferably coupled to 
damper assembly 12 and sensor 14 to allow the user to interface with a computer system 16. In 

20 the preferred embodiments, a user grasps user object 18 and moves the object in one or more 
provided degrees of freedom. Transducer system 10 is also considered an interface system to 
computer system 16; in other embodiments » described subsequentiy, an interface system includes 
additional mechanical components. The transducer system of the present invention both senses the 
position of the object and provides passive force feedback in the provided degrees of freedom, as 

25 described below. Thus, as used herein, "transducer system" refers to a system that boti^ senses 
positions and provides force feedback. "Damper" refers to a passive resistance mechanism thai 
provides a damping resistance to motion of an object coupled to the mechanism. 

Damper assembly 12 is coupled to object 18 to provide a passive damping resistance lo ihc 
movement of object 18. Preferably, a user generates a force on object 18, which causes the object 
30 to move in one or more provided degrees of freedom. In the embodiment of Figure la, a single 
linear degree of freedom is provided for object 18. The damping resistance generated by damper 
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assembly 12 dampens or resists the moiion of object 18 in dial dcgnx of freedom, as described 
below. 

Damper assembly 12 is a "fluid-resisiance" devirc which providfti; a damping resistance 
based on the regulation of fluid flow widiin die device. In the preferred embodiment, the fluid is a 

5 gas, such OS aii. Damper assembly 12 can also be refeired to as a "pneumatic brake." In aiiemaie 
embodiments, hydraulic passive devices can be used to provide resistance based on the regulation 
of liquid flow. However, pneumafir. devices with gas flow, specifically air flow, are mure 
appiopiiate for the cmbodimMt of Figure la. Damper assembly 12 preferably includes a piston 
assembly 20 and a valve 22. Piston assembly 20 includes a housing or cylinder 24, a piston 26, 

10 and a piston rod 28. Cylinder 24 is an elongated structure havjng a hollow interior 30. an rod 
opening 32 posiUoned at one end, and a valve orifice 34 positioned at the opposite end. The 
cylinder preferably cylindrical, but can bft nprrilmear or have a cross secdon of other shapes in 
udicr cinbudiuicuts. Preferably, cylinder 24 is made out of glass, graphite, plastic, or a similar 
smooth material. 

15 Piston 26 is positioned within the interior of cylinder 24 and is consuaincd lu be moved 

along die degree of fttxdom designated by axis 36. Piston 26 is preferably also made niu ot a 
material such as graphite, glass or plastic and ihu^ hdb a smooth outer surface. Piston 26 has a" 
cross sectional shape equivalent to cylinder 24 so that a minimum gap between its outer edge and 
the itmer edge of the interior 30 exists and no substanual amount of fluid may escape between the 

20 gap. Implementing a moving pisrnn within a cylinder is well known to those skilled in the art. 
Piston assemblies or similar dapshot devices available from several manufacturers can be used in 
the present invention. For example, a suluble pneumatic device ii die Precision Air Dapshot 
availablcfromAirpol of Norwalk, Connecticut. Piston rod 28 cnnples pi.uon 26 to user object 15 
such that when objccl 18 is moved bj' a user in die degree of freedom 36, piston 26 is also moved 

25 in that degree of freedom 

The motion ot pistnn 2h is dependent on the flow of a fluid 38 through valve urificc 34 iii 
cylinder 24. As stated above, fluid 38 is preferably a gas such as air, but can be a liquid in other 
embodiments. As is well known to those skilled in the aru a pisiun may move when valve orifice 
34 is unrestricted, which allows the fluid to flow through the orifice. Fnr example, if the fluid is 

30 air in a pneumaiic syblcm, then tlie piston 26 can move toward orifice 34 if the piston is allowed to 
force air from the portion of interior 30 in "front' nf the piston, through orlflce 34, and to ihc 
atmosphere outside cylinder 24. Similarly, piston 26 con move toward opening 32 if air is allowed 
to flow ttom the atmosphere into the "front" portion of Interior 30 of the cyliiidci. As lefcicnccd 
herein, the term "free movemeni'* or "freely move" refers to the piston's movement when valve 

33 orlflce 34 is completely open, ailuwing uiucsuictcd fluid flow to and frcm interior 30 through 
orifice 34. The term "cannot move" or "substantially no movement" refers to the piston's 
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movfifnent- When no fluid (accuaUy a negUglbte amount uf fluid) can flow to and from interior 30. 
In acwaliiy, some movement of piston 26 is typically po.wihle due to the compressible nature of air 
and other fluids, and due to small fluid leakages in the system. 

Fluid 38 is used in daiuper assembly to provide a damping resistance or drag to the modon 
5 of object 18. That is. energy can be rftmnved from the system such that when the user moves 
obieci 18. a passive resistance to the object's motion is created. The motion of the object can be 
resisted by controlling the amount of fluid flow through orifice 34. hi ilic JcsciibcJ cmbodiiuent, 
the fluid flow through orifice 3A is controlled by valve 22. Valve 22 is coupled to a duct 40 or 
cylinder 24 which allows fluid 35 to fiuw frum iiitciior 30, through orifice 34, and into a passage 
10 in valve 22, As is well known to those skilled in the art. ? valve r^n he controlled to var>' the size 
of the valve's pa:>sa>;e to provide a selectable amount of fluid flow through the valve. The volve 
shown in Figure la, for examplft. can he an "on-off valve" or "open-close valve" that provides two 
amounts of fluid flow through orifice 34. The first is no fluid flow (closed valve), in which the 
valve is selected to connect a closed port 42 to duct 40. Tliis alluws substantially no fluid to enter 
15 or leave the interior 30 and stops the movement of piston 26 within cylinder 24 (as explained 
above, buuic luovciucui i> actually still allo>fcxd due to compressibility' and leakage of fluids). This 
provides the maximum damping r<*sisfance (i.e.. maximum amount of drag) to piston 26 and user 
object 18. 

The second amount of fluid flow is full flow (open volve), in which valve 22 connects 
20 open port 44 to duct 40. Open pon 44 allows fluid 38 to be vented to the atmosphere or oihcrwiac 
flow freely. This provides the minimum damping resistance, (i.e., minimum Amount of dfftg nr 
"free'' movement) to piston 26 and user object 18 in the described embodiment. For example, if a 
gas .'^uch as air is being used as a fluid, then open port 44 can vent the gas to the atmosphere: 
damper assembly 12 would thus be on "open loop" system. A suitable on-off valve suitable for 
23 use in the present invention is the Minimatic Valve available from Clippard of Cincinnati, OH. 

The fluid flow through orifice 34 can thus be controlled by adjusting the size of orifice 34 
or the size of a passage connected to orifice 34. In the current embodiment, this is accomplished 
by coDtroUinK a valve lubclcclunc uf luuluplc pruvidcJ purls, whcic ccuJi ha^ aji oiiGcc of a 
different size. As described below, multiple valves can be used to provide ? grt^arer variety oT 
30 different fluid flows through orifice 34. 

In ail alternate embodiment, a servo valve can be used to provide a desired fluid flow. 
Such a valve receives an analog voltage signal for incrtmenLally connDlUng the size of the valve's 
passageway based on the analog voltage, thus allowing fluid flow to be controlled to a finer 
resoluuon than when using on-off valves. A suitable servo valve fur use in the prcseoL invcnuun is 
35 QBI available trnm Proportion Air of McCnrrisvillft, IN. 
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Passive dampers, such <i> damper assembly 12, can provide rcolisdc force feedback to a 
user operating an interface apparatus in a simulated environmem. Passive dampcr^i iiupusc a 
resistance to ihc muuuu of aii object 18 manipulated by the user. Thus, a user who manipulates an 
interface having passive dampers will feel forces only when he or she <n;tuidl> moves an object of 
5 llie interface. 

Passive dampcra/ocnjators 12 provide several advantages when mmpared to active 
actuators. Passive dampers are much Ics^ expensive and complex than active actuators. For 
example, a substantially lower current is required ro dnvc passive dampers than acdve accuaiors. 
This allows a less expensive puwci supply to drive a passive damper system, and also allows a 
10 force feedback mechanism to be sm;*Ilftr and more li^tweight due to the smaller power supply. 
Also, iu djc active pneumatic and hydraulic devices of the prior art. a supply of pressurized air 
musf bft regulated to provide activti forces, requiring more complcA and expensive componcnu and 
controllers. 

In addition, passive dampers require substantially slower control signals to oprrare 
L*j effectively in a simulation environment than do active diuiipcis such as motors. This is significant 
if the controller of an interface mechanism is a computer system that includes only a standard. low- 
Speed inpui/outpui pun, such as a sei ia] port. Serial ports arc quite coiainon to personal computers 
but do not commiinia^te quickly enough to perform real-lime, stable control of most active 
actuatore. When an interface controller with slower control signals is used, passive dampers can 
20 provide stable force feedback to the user. Another advanUKc uf passive dampers is that they do 
not generate forces on the interface and the user and arc thus more safe tor the user. A user ^-ill 
not experience unexpected and possibly injurious forces from the interface object 18» since the user 
is inputting all the enexgy into rhe system and providing all the active forces. 

The tliitrt dampers of the present invention (i.e.. pneumatic and/or hydraulic) provide even 
25 greater advantages to a low-cost, safe force feedback interface than do other types of passive 
actuators or dampers. Since the resistance applied to the user ubicci 18 is provided by the flow of 
a fluid, only valves or other devices for controlling the size of orifices are nep/len to change the 
rcsisuincc fell by die user. Tliis allows simple solenoids and other low-power components to be 
used to control fbe valves, insread nt more complex components used in oHier passive and active 
30 actuators. In a damping system^ signals ore output by a controlling computer to control a valve or 
change the size of an orifice only when a change in resistive force uu;urs, olluwiug leal-time stable 
control of force feedback even for very slow electronics systems and input/output pons. In 
addiiiun, Qic pistuii assemblies arc very low cost and safer compared to other passive actuator 
devices. 
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Sensor U i« cnitpled to object i 8 in the described eiDbudinieni mid senses tl^e position of 
the object in a degree of freedom. The object 18 in the embodiment of Figure la 151 prnvirted with 
only a single linear degree of freedom such iliai sensor H senses the position of the object in ihoi 
single degree of freedom. A sliding member Ah k cnupied to piston rod 28 or 10 object 18 and 
3 moves ihrouKli sciibui 14, which in the embodiment of Figure 1q con be a linear pot. linear digiiaJ 
encoder, LVDT , or similAr device for sensing an object s position In a linear degree of freedom. 
For example, part number 0243-0000 available from Transtek of Ellington, CT can be used. In 
aitftmatfi emhodimenLs, sensor 14 can be used 10 detect rotary moiiun uf objcci 18, a^ described iu 
greater detail below with reference to Figure 4a. Sensor 14 is coupled to computer system 16 by a 
10 bus 30. which carries elecoical bitmdls Uidi die lepiescatativc of the position of object IS along the 
provided degree of freedom from sensor 14 to cnmpiiter system 16. 

Valve 22 is preferably controlled by a digital processing system nr other elecrrical system. 
Piefcriibly, die digital processing system is a computer system 16, which can include a computer 
app;^atiis 52 and dispi^^y screen .14. Numerous other peripherals and interface devices can be 

IS coupled to computer system 16 as well. Computer system 16 is coupled to valve 22 by b\xt 56 and 
provides electrical signals to the valve lu cuntrul die valve. For example, when using the on-off 
valve described above, a solenoid can be coiipiftrt ro rhe valve in cause the valve in open or close ^ 
when specific electrical signals are applied to the solenoid, as is well known to those skilled the art. 
( inmpiirer apparatus m can include an interface to provide the signals to a solenoid; examples of 

20 such on interface circuit are described below with reference to Figures 12 and 13. Alieraately, 
computer apparanjs 32 can provide an analog voltage signal lu conuul d servu v<dve, us de:>cTibed 
above and with reference to Figure 13. 

Display 54 can be used to display a virtual reality environment for the user to viftw. 
Display 54 can be a standard display screen or CRT, 3-0 goggles, or any other visual interface. 

2!S Hnr evampie, the user object IX can control a computer-generated object displayed on a two- 
dimensional screen, such as a picture of a instrument, a joystick, a cursor, etc. The user can 
interact with the simulation by viewing the screen. The computer system 16 receiN-es input from 
sensor 14 co influence the position and movement of computer-generated objects that are controlled 
by object 18, aad tlie computer system 16 outputs signals to damper assembly 12 when computcr- 

'M) gftnftrated ohjects interact or a haptic effect is to be transmitted to the user. For example, if a user- 
controlled object displayed on display 54 coDides with a "wall" in the simulation, that collision can 
be viewed 011 the screen and appropriate force feedback can be applied 10 user objea 18 as well. 

User object 18 is preferably grasped or otherwise coniroDed by a user. By "grasp", it is 
meant that users may releasably engage a grip portion of the object in some fashion, such as by 
35 haiid, ^ith dicir fingertips, oi cvtii orally in the case of bdiidjcappcd persons. In the described 
embodiment, object 18 is a handle, such as a control handle on a joystick for manipulating the 



wo 96/42078 



13 



FCTA;S96/09664 



movemrflt of computer-controlled objects or a steeriag wheel, palm grtp. etc. Computer ay paiatui 
52 can display objects on display screen 54 and the user can interface with the objects by moving 
the handle to affea the view displayed, tlic position of a displayed object, the view of an object, 
etc. Other types of objects are also snirabift tnr the present invention, such as a pool cue. a stylus. 
J a iuysiick, a steering wheel, a knob, a grip, a medical instrument (laparoscope, catheter, etc.), and 
so on. 

Additional mftch;inir;<i apparatuses can be coupled between transducer system 10 and user 
object 18 to provide additional stability to the motion of object 18. Also, mechaixical apparatuses 
ran add additional degrees of freedom to object 18. In such an erabudimcnt, cadi piuvidcd dcgiec 
10 of freedom preferably includes its own transducer system 10. 

Figure lb is a schematic illustration of an alternate embodiment 10' of the transducer 
system shown In Figure la. System 10' is mure applicable foi fluids such as liquids and gasc5 
other than air. System 10* includes a damper assembly 12', sen.^or 14, and user ohjeci IK for 
iiitcifaciiig with computer system 16. Sensor 14, computer system 16. and user object 18 ore 
15 substanTially similar to the conrej^ponding components of system 10 as described with reference to 
Figure la. 

Damper assembly 12' includes a piston assembly 20' and a valve 22\ Piston assembly 20' 
Includes cylinder 24'. piston 26. piston rod 28a, piston rod 28b, urificc 27. aiid uriGcc 29. Tlie 
piston 26 and piston rod 28a operate substantially the sam* as described with reierenr^. to Figure 

20 la. Piston rod 28b is additionally coupled to the opposite side of piston 26 from rod 28a and 
e.vte.nds through an apemire in cylinder 24'. Rod 28h is provided to balance the volume of 
fluid 39 on both sides of piston 26 within cylinder 24' and thus allow on equal dximping resistance 
to be provided to object 18 in both directions along axis 36. Since system 10' typically is used for 
closed systems in which a fluid is not desired to escape from cylinder 24\ seals 41 are preferably 

25 provided between apcnurcs 32a and 32b and the piston rods 28a and 28b, respectively, to prevent 
any tluid lealcages through apertures 32a and 32h. 

Cylinder 24* includes two orifices 27 and 2^ mstead of the single orifice 34 of Figure la. 
Orifice 27 lends to duct 31, which extends from cylinder 24' to valve 22'. Duct 31 is preferably 
coupled to a first pon of valve 22'. Similarly, orifice 29 leads to duct 33. which extends from 
30 cylinder 24' to the second port of valve 22'. Orifices 27 and 29 are arranged such that one of the 
uriHi^es iT^ ucai' one ciid uf cylinder 24', and the otliei orifice is positioned near the opposite end of 
the cylinder. The space between the cylinders ij; the allowed movement range for piston 26 along 
the linear degree of freedom indicated by axis 36, as explained below. 
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Damper assembly 12* functions as a closed loop system, i.e., a fluid is allowed to tlnw m a 
closed loop. ^^Tien piston 26 mnved by ibc user in a direction indiuucd by arrow 35. fluid 39 
can flow from the interior of cylinder 24' at the "front" of the cylinder, through oniir^ 27. through 
valve 22' (when the valve i.^ open), and into the interior at die "back" of the cylinder through 
5 orifice 29. Likewise, when piston 26 is moved in a direction opposite, to that of arrow 35. fluid 39 
moves trnm the interior of C>1indcr 24\ thiuuKli uiificc 29, through valve 22*, through orifice 27, 
and back into the cylinder 24\ The piston is thus "double acting" in that fluid on both sides of ihc 
piston is caused lo flow when die piston is moved. 

Valve 22* is can be conauUcd by computer system 16 to alter the amount of fluid flowing 
10 through the valve. Computer system 16 can send signals over bus 56, as described in Fi^iurc la, 
CO adjusL die ^icc of an orifice in valve 22' by preferably controlling a solenoid or other 
electromechi^nical device. In one embodiment, valve 22' is an ua-off valve having two states: fiiU 
fluid flow (open) and substanually no fluid flow (closed), in the open valve state, fluid Is allowed 
to freely flow from duct 31 to duct 33 or vice-\TOa. In the closed valve state, the passage between 
15 the ducts is blocked, allowing no fluid flow. Thus, piston 26 and handle 18 can be moved iii tlie 
provided decree of ficedom if die computer system controls valve 22' to open, and the. 
piston/handle Are provided with maximum damping resistance when valve 22' is closed. 

As described with reference to Figure la, valve 22' can also be iuiplcineated as a servo 
valve that can more finely control the size of its orifice. An analog voltage signal (or sampled 
2{) digital signal) can be applied by computer system 16 for incicmcntally controlling die eross- 
scctional size of the valve's passageway/orifice based on the voltage, thus allowing fluid flow to be 
controlled to a finer rcbululiun than when using on-off valves. 

The clu5cU-luop embodinient of Figure lb is cspccixilly suiuible for hydraulic damf^s in 
which fluid 39 is a liquid (including an electrorheological liquid, as described below in Figure Ic). 
25 as well as dampers in which fluid 39 is a gos odier dian air. In such damper systems, the fluid 39 
is normally provided in a closed system so diat die fluid duc& not continually have to be replaced 
widi new fluid from a fluid source. 

Figure Ic is a schematic illustration of an alremare embodiment iO" of tbe transducer 
system shown in Figure lb. Systcni 10*' includes a damper assembly 12", sensor and user 
30 object 18 for interfacing with computer system 16. Sensor 14, computer system 16. and user 
object 18 are substantially similar to Uic corresponding components of system 10 as described with 
reference to Figures ia and ib. 

hamper a.ssembly 12" includes a piston assembly 20". Piston a^iciubly 20" includes 
cylinder piston 26\ and piston rod 28. Cylinder 24" is provirteri with one aperture 32. 
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which is closed to fluid leakage by seals 41. No valve is included in damper assembly 1 T\ for 
reasons described below. Piston 26* is preferably provided with at least one aperture 43. A fluid 
39' flows through the apem}re(s) 43 when piston 26' is moved along axis 36. as indicaisd by 
aiiows 45. Apertures 43 can hove a rectangular, circular, or other cross-sectjonal shape. Each 
5 ape.rtiirft preferably includes electrodes 47, as described below wiQi rcfacncc to Figure Id. Wires 
49 coupled to the electrodes can be routed from piston 26', along (or inside) piston rod 28, and onr 
to computer system 16. 

Damper assembly 12" is a closed system, and is therefore appropriate for aon-air fluids 
such OS liquids. Preferably, the transducer system 10" ot Figure Ic can control the damping 

10 resistance provided lo Uic motion of user object 18 without changing the size of apertures 13. 
Instead, the flow of the fluid can be controJled hy changing the properties of the fluid Itself. More 
spcL;ifiudly, fluid 39' provided within cylinder 24" is preferably on "electrorheological fluid", 
which is a fluid that has a visco.^ity that can be changed eleciromcally. If an electric field is applied 
to an clccu-orhcological fluid, the viscosity of the fluid can be changed. By changing the viscosity 

13 of fluid 39". the fluid will flow at a different wic tluough apertures 43 when the piston 26* is 
moved by the user, thus allowing the damping resiitrancft to u.^er object IS to be controlled. 
Elecuorhcological fluids arc well known to those skilled in the art. For example, these fluids are, 
described by W. Win.Qlow in U.S. Patent 2.417.850 and U.S. Patent 3,047.507. 

Figure Id is a side vje.w ;^long hne id-ld of Figure Ic and shows an example of using 
20 apertures and electric fields to control the viscosity of an electiorheological fluid. Piston 26' can 
include a single aperture or multiple apertures 43a. 43b. 43c, and 43d. Elccirudcs 47 aie 
positioned within each aperture 43a-d. Computer system 16 can be coupled to electrodes 47 hy 
bu»!» 49 dxid 5cnU tin diiiilo^ or digital voltage to the electrodes to apply an electric field to the 
aperturp-s 43a-d. The tS&cxcic field, in turn, raises the viscosity of fluid 39* flowing through the 
25 apertures 43. This will increase the damping resistance applied to user object 18 in an on-off type 
of resistance; similar to on-off valves described above. In addition, die cuiupuicr :>yiLcm cini vary 
the voltage applied to electrodes 47 to vary the viscosity of the fluid through an aperture 43 m a 
desired degree, similar lu the ^crvu vdlvc dcsciibed above. 

The niulliplc dpciiuies 43a-d can be provided in piston 26' to dampen the motion of object 
30 18 in discrete Tn;ignirurie.^. For example, an electnc fieJd can be applied to small aperture 43a to 
cause ordy the fluid flowing through aperture 43a to raise its viscosity. An electric field can also 
applied to large apermre 43d to raise the viscosity of the fluid only flowing tiuvugh aperture 43d. 
Since aperture 43d is larger than aperture 43a, more fluid can flow with the same electric field 
applied, so Uidt die U5cr will feci a lesser damping resistance when the electric field is applied to 
3.S apcrrure 43d. Various apemire.s 43a-d and various voltage levels can be used to greatly vary the 
damping resistance to object 18. 
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II Should be noted ihai no exiemal ducis ur uilici oiificcs arc required for the system 10" of 
Figure Ic. However, clectrorheological nuids can also he used in ihe embodimeni of Figure lb 
with ducis 31 and 33. Elcclrotlcs can be used within valve 22' or in place of valve 22* to control 
the viscositj' of the fluid and thus control tluid flow. 

5 In an aliematie embodiment, the. Jipftmires 43a.d in piston 26' can be altered in size, for 

example, by using valves similar to valve assembly 22 as described above or other 
electromechaniral devices. 

Figure 2 is an illustration of a transducer system 57 ^iiiiiJiu to tlie system 10 shown in 
Figure la. System 57 includes a damper assembly 59, sensor Id, and user object IK, similar to 
10 system 10. for interfacing with computer system 16. Sensor 14, computer system 16, and user 
object 18 are substantially similar to the corresponding components of system 10 as described with 
Inference to Figure la. 

Daiiipci assembly 59 includes a piston assembly 20 ond a valve assembly 58. Piston 
assembly 20 is subsranriaiiy similar to the piston assembly described with reference to Figure la 
15 and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18 is 
coupled to piston 26 by piston rod 28 to provide a ^ikIc liucai degi^ee of freedom to the object.. 
This degree of freedom is indicated by axis 36. Fluid 38 flows through orifir.e 34 and duct 44) of 
cyliuUcr 34 when piston 26 moves in the degree of freedom. 

Val ve assembly 58 iucludcs valves 22a. 22b, and 22c. These valves arc coupled in o series 
20 arrangement snrh thaf M three of the valves can be controlled to channel fluid 38 through a desired 
port. In the described example, each volve 22a, 23b, and 22e is an on-off valve that guides fluid 
38 to one of two ports. Valve 22a is coupled to duel 40 wd cillicr guides fluid 38 to open port 60 
or to coupling port 62. Open port 60 provides an orifice of maximum si?** so that if the tluid is 
guided through port 60, piston 26 moves freely with the least damping resistance. If open port 60 
25 is not selected. Then coupling port M is selected, and fluid 38 is channeled to valve 22b, 

Valve 22b is coupled ro port 62 . and guides fluid 1^8 either through rc.stricied port 64 or to 
coupling port 66. Valve 22b is only operative to odjust fluid flow if coupling port 62 of valve 22a 
is selected. Restricted pon 64 of valve 22b has a smaller. panially<losed orifice than the orifice of 
port 60 so that the flow of fluid 38 through the port k more restricted that the flow through open 
30 pon 60. This provides a greater degree uf dajupinjti rcM^taiice to die movement of piston 26 and 
thus user object 18. If restricted port 64 is not selected, then coupling port 66 is selected, and fluid 
38 is chaoneled to valve 22c. 

Valve 22c is coupled to port 66 and guides fluid 38 cither through restricted port 68 or 
allows no fluid flow with closed port 70. Valve 22c is operative lo adjust fluid flow only if 
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coupling port 62 of valve 22a is selected and coupHnK pori 66 of valve 22b is selected. Restricted 
port 68 has a partially closed orifice that has a smaller opening than restricted port W of valve 22b. 
The flow of fluid 38 throuxh purt 68 is thus restricted to a greater degree than the flow through 
port 64, so that port 68 causes a gre;^rftr dftgrce of damping resistance than pon 64 to the movement 
5 uf pisioo 26 and user object 18. If closed port 70 is instead selected wich valve 22e, then the flow 
of fluid completely halted, providine the nmimum damping resisuncc lu the luuvciucai uf 
piston 26 and object 18. Ideally, piston 26 would not be able to move if dosed port 70 were 
selected; however, due to fluid leakages and fluid compression in the components of the system, 
piston 26 may have a small (negligible) amoimf of movement when closed port 70 is selected. 

10 Computer system 16 is coupled to valves 22a. 72b. and 22c by buses 72. 74. and 76. 

respectively. As described above with reference to Figure la. computer system 16 can provide 
electrical signals to v;^lves 22a. 22h. and 22c to control the selected pons of the valves. 
Preferably, a solenoid for each valve is controlled by computer system 16 to switch between the 
two port.s of each valve. In other embodiments, additional valves can be cuuplcd in series to the 

15 closed port 70 of valve 22c, for example, to provide additional ports with different orifice sizes. 
Huid flow and thus the damping lesisiance to piston 26 can thus be controlled with greater 
resolution. In still other embodiments, a servo valve. («s described above) can he used for one or 
iuure of valves 22a, 22b, and 22c to provide a variably-sized port orifice and thus o higher 
resolution in ;»djnjcTing the flow of fluid 38. 

20 Kigure 3a is an illustration of a transducer system 61 similar to the systems 10 and 57 

shown in Figures la and 2, respectively. System 61 includes a damper assembly 63, sensor U, 
and user object 18 interfaced with cuniputcr system 16, similar to system 10. Sensor 14, computer 
system 16, and user object 18 are substantially similar to the corresponding components nt system 
10 6S described widi reference to Figure la. 

25 Daiupei assembly 63 includes a piston assembly 20 and a valve assembly 80. Piston 

ascp.mhiy 20 is suhsfantially similar to the piston assembly described with reference ro Figures la 
and 2 and includes cylinder 24. piston 26, piston rod 28, and orifice 34 in cylinder 24. Object 18 
is coupled to piston 26 by piston rod 28 to provide a single linear degree uf freedom lu the object, 
as indicated by axis 36. Fluid 38 flows through orifice 34 and duct 40 of cylinder 34 wheji piston 

30 26 moves in tlic dcgiw of fieedom. 

Valve assembly 80 includes val%x5 22a\ 22b', and 22c*. These valves are coupled in a 
parallel arrangement such that all three of the valves can be controlled to guide fluid 38 to a desired 
port. This is in contrast to the series arrangement of valves shown in Figure 2. 
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In the described eicample, fluid 38 flows through duct 40 and through a junction 82. 
Junction 82 is a thrcc-way junction in the described embodiment; genericaUy. junction 82 can be aii 
n.way juncUon. where n is the nuuibct of val%xs being used in valve assembly 80. Junction g2 
routes a portion of fluid 38 into through valves 22a'. 22b\ and 22c' diruu^^h coii«ponding 
S channels 84a. 84b. and 84c. lespcctivcly. The size of the portion of fluid 38 that flows rhmugh 
each channel 82 is dependent nn the amount of fluid flow allowed duough each valve, as described 
below. 

Valves 22a\ 22b\ and 22c* oxt shown as on-off valves that guides fluid 38 to one of two 
ports on e^ch valve. Valve 22a* is coupled to channel 84a and cither guides fluid 38 to open port 
10 86 or stops fluid flow with closed port 88. Open port 86 has an nnfice of maximura size so ihat if 
the fluid is guided through pon 86, and ihc other valves 22b' and 22c' are closed, piston 26 moves 
freely with the least damping resistMce. Orhcrwise. if valve 22a* Is closed (i.e. eluded pon 88 is 
selected), die fluid 38 does not flow through vaW© 22a.* 

Valve 22b' is coupled to channel 84b and either guides fluid 38 through restricted pnrt 90 
15 or stops fluid flow with closed port 92. Restricted port 90 h<l^ a partially-closed orifice, similar to 
port 64 of Figure 2, which restricts fluid flow through valve 22b to a greater extent than open port 
8(5 restricts fluid flow through valve 22a\ Thus, if fluid is guided through port 90, and valves* 
22a' and 22b* are closed, a greater damping resi.<;tance is generated on the movemcni of piston 26. 
Odierwisc, the fluid does not flow through valve 22b* if closed port 92 is selected. 

20 Valve 22c' is coupled to channel 84c and guides fluid 28 either through rcs-ncrert pnrt 94 or 

<;rnp?; flu»d flow with closed port 96. Restricted port 94 has a partial-closed orifice that is snmlier 
than the oriflce of restricted port 90 of valve 22b'. Thus, port 94 m^rricL^ the flow of fluid 38 to a 
greater extent than port 90. Wicn valves 22a' and 22b' are closed, port 94 creates a greater 
damping resistance on the movement of pisrnn If closed port 96 of valve 22c' is selected, no 

25 fluid flow> Llu-ough valve 22c'. 

Valvc> 22a\ 22b', and 22c' can be set to opemie singly or in conjunction with all valves. 
When operating singly, a selected vaJve can be opened while all other valves i;ttii be closed. This 
causes all of the fluid 38 to be routed to the open valve only. Flour flow r;i»es can he .elected 
a^ing this naethod (where the selected pon is fully open, restricted, more restricted, or closed). 
30 Alternatively, one or more valves can be opened simultancou.siy to pro%'ide additional flow rates, 
A total of ci¥;lK diffcicnt flow rates can thus be selected. For example, valves 22a' and 22b' can be 
opened while valve. 22r.' is cin.^ed, causing a damping resistance to piston 26 liavin^ a uiagiutudc 
between the magnitudes of resisumce generated by open valve 22a' alone and open valve 22h 
alone. 
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Computftr sy!5iem 16 preferably controk vidvcs 22a', 22b\ and 22c' similarly as described 
wiUi respect lo Figure 2. Electrical signals can be output on bu^ft.^ 97. 98, and 99 to conirol valves 
22a'. 22h\ and 22c\ rcspeciively. Valves 22a\ .22b' and 22c' am each be controUed by a 
solenoid that opens/closes the valve. Compnrer sy.^iiem 16 also receives an dectricdl bcubOi signal 
5 on bus 50 from sensor 14 lo detect the posiuon of object 14 in the provided degree of freedom. 

In aliemaie ciubudinicnts, as described above, aditional valves can be included in valve 
assembly 80, where a junction having the appropriate number uf cbaiuicls is provided. Also, the 
sciic^y miaiigcmcnt of valves in Figure 2 and the paraUel arrangement of valve.^ in Figure 3a can be 
combinp-d into a single embodiment for a ^alci vaiiety of selectable flow rates. In addition, one 
10 or more of valves 22a\ 22b* and 22c' can be implemented a<; servo valves mat respond lu an 
analog voltage and vary the size of orifices of the valves with a much higher resolution. 

Figure 3b Is a schematic illusuaiion of an alternate embodiment 61' of the transducer 
systems 10' and 61 shown in Figures lb and 3a. System 61' is a closed loop system and includes 
a damper assembly 63\ sensor 14, and user object 18 for interfacing with computer system 16, 
15 Sensor 14, computer Rystcm 16. and user objea 18 are substantially biiiiilai to the corresponding 
components of system 61 os described with reference to Figures la and 3a. 

Damper assembly 63' includes a piston assembly 20' and a valve assembly m. Kiston 
assembly 20' includes cylinder 24*. piston 26, pisioii rod 28a, piston rod 28b, orifice 27, and 
orifice 29. The piston 26 and piston rods 28a and 28b operate substannally the same as described 

20 with reference to Figures la and lb aiid include seals 41 to prevent fluid leakages through 
apertures 32a and 32b. Like transducer system 10' of Figure lb. cylinder 24' Includes two 
urifjccs 27 and 29 instead of a single orifice. Orifice 27 leads to duct 31\ which extends from 
rylinrier 24* lo valve assembly 80', which Includes valves 37a, 37b. aud 37c. Duct 31' is an n- 
woy junction that is preferably coupled to a first port of n valvies 37a, 37h. and 37c. Similarly. 

25 orifice 29 leads to duci 33', wliich extends from cylinder 24' to the second port of valves 37a, 
37b, and 37c. Orifices 27 and 29 are arrangcrt such thai one of the orifices Is near one end of 
cylinder 24', and the other orifice id positioned near the opposite end of the cylinder, as described 
with reference to Figure lb. 

Damper assembly 12' functions as a closed loop sysicui as in Figure lb. When piston 26 
30 is moved by the user in a direction indicated by arrow 35. fluid 3V c.i^n flow from the interior of 
cylinder 24* at the "frunl" of die cylinder, through orifice 27, through valves 37a, 37b, and/or 37c 
(if the particular valve is open), and inrn cylinder 24' through orifice 29. Likewise, when pi^iun 
26 is moved in a direction opposite to that of arrow 35, fluid 39 moves from the interior of cylinder 
24*. through orifice 29. through valves 37a. 37b, and 37c, through orifice 27, and back into the 
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cylinder 24\ As described with reference 10 Figure lb. the closed loop system of rigure 3b 
iiiuM suitable for damping systems using Huids other than air. 

Valves 37a, 37b and 37c of valve assembly 80' can be controlled b\' compnrer .wisicm 16 to 
alter the amount of fltiirt flowing through each of the vdl vc*. Computer system 16 can send signals 

5 UVCI buses 97. 98, and 99, to adjust the size of an orifice in valves 37a. 37b, and 37c. 
respectively. Tn an embodiment where the valves arc on-off valves, cacb valve 37a, 37b, and 37c 
can be provided with a differently-sized orifice. The amount of fluid flow can thus be coniToUed 
Similarly as described v^idi reference Figure 3a by opening valves 37a, 37b. and 37c singly or in 
conjunction to provide eight different possible flow rates. In other embodiiiicuu, scivo valves can 

10 be used as described above to provide a much greater selection of flow rates. In yer other 
embodiment?, mnvft valves 37 can bc added to provide addiiiunal flow rates. 

In an altexnate emhoriiment. a electrological fluid 39* as described wiUi reference to Figure 
Ic can bc provided within cylinder 2>1\ Electrodes can be included in valves 37;?.c (nr m place of 
valves 37a-c) to allow computer system 16 to control the viscosity of the fluid 39' and thus the 
1 5 damping resistance to the. movement ot object 1 8. 

Figure 4a is a schematic illustration of an interface system ICQ in which two degrees ot 
frccduiii ttic provided to user object 18. Two transducer systems 10a and 10b as shown in Figure 
la are included to provide two linear degrees of freedom to the object. Transducer system lOa 
includes a damper assembly 12a and a sensor 14a, and transducer system 10b includes a dampex 
20 assembly 12b and a sensor 14b. A computer system 16 (not shown) is preferably coupled to the 
transducer systems 10a and 10b as shown in Figure, la. 

As in Figure la, each damper assembly 12a and 12h preferably includes a piston assembly 
20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors 14a and Hb are 
grounded. A piston 2^^ and 26h mo\'es along a linear degree of freedom, indicated by anowi 36 
25 and 37, respectively, widun cylinders 24a and 2Ah. respectively. Valves 22a and 22b are 
preferably controlled by computer system 16 to change the ddiuping icsistauce to the motion of 
piston 26a and 26b, respectively. 

A first end of piston rod 28a is coupled to piston 26a. and a second enrl of pi.«;tnn rod 28a is 
coupled lu a fir>>l cad uf joint aicmbcr 101a. A rotary joint 102a couplc3 the piston rod 28a to joint 
30 member 101a that allows joint member 101a lo ruuiic abuat floaiiiig axis Z], as described below. 
A second end of joint member lOla is rotaiably coupled to a second end of joint member lOlb by a 
rotar>' jnmt 103. User object 18 is preferably coupled to joint member 101b (or 101a). 



f ision assembly 20b has equivalent components lo plsion assembly 20ii. Pi^tun 26b i^ 
coupled to piston rod 28b, which is rotatably coupled to a first end of joint merpher 101 h hy a 
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rotary joint 102b. Joint member lOlb can thus rotate about floating axis Z2. The second end of 
joint me.mhcr 1 01b is rotataWy coupled to the second end of joint member 10 U by a rotar>- joint 
103, which provides an axis ot rntation Z3. 

Object 18 can be moved by a user along linear axi^ 3h or linear axis 37. When object 18 is 
5 moved along axis 36 toward or away from valve 22a, then piston 26a, piston rod 28a, and joint 
member 101a are- correspondingly moved toward or away from valve 22tt and n;Uxiu Qic same 
icUiJVc position as shown in Figure 4a. However, joint member 101b rotates about floating axis 
Z2 and floating axis Z3 in aL-gordancc with the movement of joint member lOla. Likewise, when 
object 18 is moved along axis 37 toward or away from valve 22b, then piston 2f>h. piston rod 28b. 
10 and joint member 101b are corrtspondingly moved luward or away from valve 22b and retain the 
positions as shown in Hgure 4a. Joint member 101a rotates abuui fluaiiiig axes Z\ and Z3 in 
accordance with die aioveiiicnt of joint member 101b. When object 18 is moved simultaneouily 
along both atis 36 and 'M (t.g.. object 18 is moved diagonally), then bulh Joint members lOla and 
101b rotate about their respective axes. 

15 Figure 4b is a perspective view of the interface system 100 of Figure 4a. Piston rods 28a 

and 28b and joint mftmhers lOla and iOlb are preferably rectilinear members dial may be roiatably 
coupled to each other at flat surfaces of the members with rotary couplings or hinges 102a, ll)2h, 
and 103. In the described cmbodimcni, uue joint member 101a is coupled under piston rod 2Sa 
and the other, joint member 101b is coupled over pi«an rod 28b. Aliemadvelj'. the piston rods and 

20 joint members can be coupled together in many different configurations. Object 18 can be many 
types of ohjectR. and i.s <;hown as a joystick in Figure 4b thai is coupled lu joint lucuibei lOlb. 
Sensors 14a and 14b arc preferably coupled to joint members lOla and 101b, respectively, btu arc 
not shown in Figure 4b. 

Figure 3a is a schemauc diaprdm of an aliauatc embodiment 100' of the interface system 
25 100 shown in Figure 4a using transducer system U) or Higure la. In Figure 5a. two transducer 
^y^lcuis 10a and lOb as shown in Figure la arc included to provide two linear degrees of fireedom 
to object 18. Tr«nsdiicer system lOa includes a damper assembly 12a and a sensor 14a. aud 
transducer system 10b includes a damper assembly 12b and a sensor 14b. A computer system 16 
(nnt shown) is preferably coupled to the transducer systems 10a and 10b a^ ^liown in Figure la. 

Ai% in Figure 4a. each damper assembly 12a and 12b of FiKurc 5a preferably includes a 
piston asserftbly 20a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors 
14a and 14b are grounded. A pinion 26a and 26b mor%-es along a linear degree of freedom, 
indicated by arrows 36 and 37. resperriveiy, within cylinders 24a and 24b. respectively. Valves 
22a and 22b a/c preferably controlled by computer system 16 to change the damping resistance, to 
35 the motion of piston 26a and 26b, respectively. 
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Pistnn rod I04a is a flexible member, preferably made of a resilient mnteriol such as 
flexible plastic, nibber, metal, or the like. As shown below in Figure Sd. piston rods KWa and 
104b arc preferably narrow in ilic diincnsion that ihc rod is to flex, and wide in the dimensions in 
which the rod is to remain rigid. A rigid mftmher 1 07a couples piston rod 104a to pistun 26a. 
Rigid member 107a provider a ligid surface to couple sliding member 46a of sensor 14a to the 
piston 26a. In other embodiments, f;cn.«;or 14a can be placed in other poj>iuuii5 wiiliout having to 
use bUOiiig member 46a (such as inside cyUndcr 24a), thus permitting rigid membex 107a m have a 
shorter length. Piston rod 104a is rigidly coupled lu dn object member 105 at the other end of the 
piston rod. Member 105 can be a part of object 18 or a platform or other base for supporting 
object 18. 

Damper aiiscnibly 12b is coupled to object 18 in a similar manner. Rexible piston rod 
104b is coupled to piston ?6h hy rigid member 107b. and sliding member 46b uf scusor 14b is 
coupled to rigid member 107b. Flexible piston rod 28b is coupled to object membex 103 at its 
othftr end. 

Object 18 can be moved by a user along linear nxis 36 or linear axis 37. Piston rods 2Sq 
and 28b flex appropriately as the object is moved, as shown below in Higures 5b and 5c. 

<t 

Figure 5b shows the movement of object 18 in a single linear degree of freedom using 
interface system 100*. Object 18 and member 105 arc moved in the dirccdon of arrow 93. Piston 
rod 104b does not flex since the direction of movement is directed down (substantially paraUcl lu) 
die longitudinal axis of the piston rod. However, since piston assembly 20a is grounded and fixed 
in place, piston rod 28a bends as shown in Figure 5b. Tliii occuis when the direction of 
movement of object 18 is substantially perpendicular to the longitudinal ^^vis of piston rod 28a. i.e. 
when object 18 is moved in the lineai dcgiee of freedom indicated by arrow 37 in Figure 5a. 

Figure 5c shuwi die uiovcmeiu of object 18 in the other linear degree of fneedom using 
interface system 100'. Object 18 and mp.mf^r U)5 are moved in the direction of arrow 95. 
SiniiLarly as described in Figure 5b. piston rod 104q does not flex since the direction of movement 
is direcfcn suKstantially parallel to the longitudinal axis of piston rod 104ii. PiMoa rod 28a, 
however, bends as shown when the direction of movement of object 18 is substantially 
perpendicular lo the longlmdinal axis of piston rud 28b. i.e. when object 18 is moved in the linear 
degree of freedom indicated by arrow 36 in Figure. 5a. 

When object 18 is moved simultaneously along both ati^ and 37 (e.g., object 18 is 
muvcd diiiguiially, dicn bodi piston rods 28a and 28b flex in conjunction with the movement. 

Figure 5 J is a pei Effective view of the interface system 100' of Figure 5o. Piston rods 28a 
and 2Xh and rigid members 107a and 107b can be reculinear members or have cross secuons uf 
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Other shpppx. Preferably, pision rods IWa and 104b are narrow in the c^menslon in which the rod 
is to flex when object 18 is moved, and wide in the dimensions in which the rod is to remain rigid. 
For example, pision rod 104a has a relatively bimJl widlh iii llie diiiiension of axis 37, since rod 
lOla flexes in that dimension. Correspondingly, rod ICU» ha^ a realtively large width in the 
3 dimension of axis 36 and in the dimension of axis Z. since rod 104a preferably does not flex in 
. those dimensions. Piitrnn mri.<; llWa and 104bb are rigidiv' coupled to member 105 at one end. 
Object 18 is shown as a joysuck in Figure 5d that is coupled to object member 105. Sensors 14a 
and i4b arc preferably coupled to rigid member^i 107a and 107b, respectively, but aie nut shown 
in Figure Sd. 

10 Figure 5e is a perspective vieu' of interface system 100' of Figure 5a in which a sryins- 

receiving user object 18 is provided. Tlie inicrfacc system of Figure 5e functions as described with 
reference to Figures 5a-5d. However, user objert 18 i.Q impicmenterl as a .stylus-receiving object 
111, which is preferably a flat, small object that includes a stilus aperture Ilia. As shown in 
Figure Sf. a .stylus 11 S or a similar pointed arucle can be inserted into apenure 1 1 la by a user. The 

IS user can then move the stylus 115 along a provided degree of freedom indicated by arrows 1 19, 
which causes object 1 1 1 to accordingly move in the same direction. Alternatively, stylus 1 15 cau 
be peimanendy coupled to object 111. 

The embodiment of Figure 5e can be used in a writing interface where the user uses Thft 
interface to write words input to a computer system, or in a poindng interface to direct and move 
20 computer-implemented objects. The object 1 1 1 alone can he considered the "user object" 18 m this 
embodiment. Alternatively, both stylus 115 and object 111 eon collectively be considered user 
objea 18. particularly in embodiments where stylus 115 Is permanently fixed to object 1 1 1. 

Figure 3g is a perspective view of interface system 100* of Figure 5a in which a finger- 
receiving user object 18 is provided. The interface system of Figure Sg functions as described 

25 with lefei^nce to Figures 5a-5d. In diis etubodlnieiu, usei object 18 is implemented as a fuigci- 
receiving object 113, which includes a divot 1 13a. As shown in Figure 5h, ft user may insert his 
or her finger into divot 113a and thereby move object 1 13 in the provided degrees of freedom as 
indicated by arrows 119. Divot 113a allows the user's fmger to cling to the object 113 when the 
user s finger is moved. In other embodiments, features other than or in addition to divot 1 13a can 

30 be pruviUcd on fuiKcr-reteivinx vh]a:i 113 to allow the user's finder lu cling lu the ubjcci. Fur 
example, one or more bumps, apertures, or other projections can be- provided. Also, other digits 
or appendages of the user can be received, such as a user's entire hand, foot, etc. The interface of 
Figure 5g can be used to allow the user to move, point to. or otherwise manipulate computer 
generated objects in an easy, natur^ fashion. 
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Figure 6a is a schematic illusiration of a iriuisducer system 106 sensing a rotary degree of 
freedom of on object and providing a passive damping resistance to Ihc motion of the object. As 
shown in Figure 4a. interface sy^icm 106 is applied to a mechanism having one degree of freedom, 
as shov^rn by arrows 107. Embodimfnts in which system 106 is applied to systems having 
5 additional degrees of frccduuj aic described subscqucndy. Transducer system 106 includes a 
passive damper assembly 108. a sensnr 1 10. and an optional play mechanism 1 14. A cuiupuier 
system (not shown) is preferably coupled to the transducer system 106 similar to the embodimejifs 
shown in Figures 1-3. 

Damper assftmhiy lOR transmits a resistive foruc (i.e., diag) to an object 18 and includes a 
10 piston assembly 116, a valve 118» and a rotadng member 120. Piston assembly 1 16 includes a 
cylinder 122. a piston 124. and d pistun rod 126. Piston 124 moves along a linear degree of 
freedom within an interior of cylinder 122, as indicated by axis 128. Cylinder 122 Is grounded. 
■^i^ shown by symbol 123. A fluid flo^^'s through an orifice 130 at the far end of cylinder 122 when 
piston 124 is moved within the cylinder. Val\'e 118 controls the fluid flow by bclcctiug one of 
15 multiple ports 132 which provide orifice openings of varying widths. The movement ot pictnn 
124 can thus be influenced by a diimpinK rcMsiance lelated to the amount of fluid flow allowed 
through valve 118. Additional valves can be. coupled to valve 1 18 in series or in parallel, as 
described above, to provide additional amounts of damping resistance to the movement of piston 
124. Piston a.s,semh!y 1 16 and valve 1 18 can thus be Implemented as described dbuvc iu any of the 
20 previous embodiments of Figures la, lb, 2, 3a, or 3b. In addition, piston assembly 116 can he. 
implemented using electrorheological fluids a^ described above with reference to Figure Ic. 

Rotating member 120 is coupled to piston 124 by piston rod 126. In the described 
embodiment, piston rod 126 is coupled to piston 12^ by a hall joint 134 ai one end of the piston 
rod. Similarly, piston rod 126 is coupled to rotating member 120 by another ball joint 136 at the . 
25 othei end of The pi5;tnn rnrt. The hall joints 134 and 136 allows the piston rod to move ai an angle 
with respect to the surfaces to which it is atuiched, thus permitting rotational mo^'ement of rotating 
member 120 to be convened Into the linear movement of piston 124, danunsuared in Figure 4b. 
Other types of connections can also be provided to rotatably coimert The. pi.^tnn to the mtatable 
uiciubci » a^ is well known to those skilled in the an. 

30 RotatinK incuibci 120 is rigidly coupled to a main shaft 140 which extends from rotating 

member 120 to sensor 1 10. Rotating member 120 and main .shaft 140 can be rotated about an axis 
A. Damper' assembly lOB provides a rotational damping resistance or frictional force (i.e. drag) on 
main shaft 140 in the provided rotary degree of freedom, shown by anows 107. Damper 
assembly 108 is thus passive and cannot provide an acuve force to shaft 140 (i.e., damper 

35 assembly 108 cannot input energy intu die ^y>u:ai iu c^u^c dbafi 140 lo rotate). Thus, an external 
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TCiW\mz\ force, .^uch as a force generated by a user* is applied to shaft 140. and passive damper 
assembly 108 provides a damping resistance to that external rouiional force. 

Sensor 110 is preferably rigidly coupled to shaft 114 and senses bi-directional rotar\' 
motion of iiuun blrnfl 114 about axis A. Sensor 110 preferably provides a electrical signal 
5 indicatijxg the rotational position of shaft 1 14 and i.^ preferably grounded as indicated hy symbol 
142. Ill the described embodiment, sensor 1 10 is a digital optical encoder which provide signals to 
measure the angular rotation of a ^hatr nfrhc .wsor. In alternate embodiments, sensor 1 10 can be 
separated from object 18 and shaft 1 14. For example, a sensor having an emitter oad deteaor of 
electromagnetic energy might be disconnected from the rest of transducer system 106 yet be able to 
10 detect the rotntional position of object 18 using a beam of electromagnetic energ>\ such as infrared 
light. Similarly, a ma>metic sensOr could dcictl the pujuuou of object 18 while being uacouplcd to 
shaft 1 14 or object 1 8. The operation of such ^p.nson; arc well-kcnnwn to those skilled in the art. A 
suitable sensor for the transducer system 106 is optical encoder model EZ marketed by U.S. 
Digital of Vancouver. Washington. 

15 Sensor 1 fi) has a sensing resolution, which is the smallest change in relational position of 

coupling shaft 1 14 that the sensor can detect. For example, an optical encoder of the described 
embodiment may be able to detect on the order of about 3600 equally-spaced "pulhci)*' (dcjioibcd 
below) per revolution of shaft 114, which is about 10 detected pulses per degree of rotational 
movement. Thus, the sensing resolution of this sensor is about 1/10 degree in this example. lo an 

20 alternate embodiment descrihed helow, it is desired to detect the desired play between cLamper 
assembly 108 and object IS, and this desired play should hot be less than the sensing resolution of 
sensor 1 10 (e.g.. l/lO degree). Preferably, the desired play bet^^'een damper and object would be 
at least 1/5 degree in this example, since the encoder could then detect two pulses of movement, 
wliicli wuuld piuvidc a muic iclidbic lucd^uiciiicul aiiJ <illuw die diicCliua of die uiuvcUiciit to \>i 

2fi wore, easily determined. 

Object 18 is rigidly coupleii to m!>in shaft 1 U. Object IK ran raicp. a varieirj- of forms, as 
described in previous embodiments, and can be diiecdy coupled to main shaft 114 or can be 
coupled through other intermediate members to shaft 114. As object 18 is rotated about axis A. 
shaft 1 14 is also rotated about axis A and sensor 1 10 detects the magnitude and direction of the 
30 mtation of object 18. 

In aiv alternate embudinicnt. a coupling 114 fur intivducin.^ a desired ainuul uf *'play'* caxi 
be included in interface 106, preferably positioned betu'een the sensor 110 and the damper 
assembly 108. In this embodiment, main shaft 140 extends from sensor 1 10 to coupling 1 14, and 
a separate damper shaft 144 extends from couphng 114 to rotating member 120. Coupling 114 i% 
35 rigidly coupled to main shaft 140 and non-ngidly coupled to damper shaft 144. Coupling 1 14 can 
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be considered to be pait of daxnper assembly 108 (i.e.. a "braking racchanisin"). Routing member 
120 is rigidly coupled to damper shaft 114. 

Cuupliiig 114 is not rigidly coupled to damper shaft 144 and thus allows an amount 
(magnimde) ot "play'* between damper shaft 144 and coupling 114. The term ''play," ^ used 

5 herein, xcfcra to on amount of free movement or "looseness" hfttwecn a transducer and the object 
transduced, so thai, for Instance, Qic object can be moved a short Stance by extfimally-applied 
forces without being affected by forces applied to the objca by a damper. In the pntfcrrcd 
embodiment, the user cmi move object 18 a short distance without fighting the drag induced by 
passive damper assembly 108. For example, damper assembly 108 can apply a damping 

10 resistance to damper shaft 144 so that damper shaft 144 is locked in place, even when force is 
applied to the shaft. Coupling 1 14 and main shaft 140, however, can still be freely rotated by on 
additional distance in either rotational direction due to the play between coupling 1 14 and shaft 
144. This play is intentiondl in iliis embodiment for purposes that will be described below, and is 
thus referred to as a "desired" amnunr nt play. Once coupling 114 is rotated to the limit of Uic 

15 allowed play, it cither forces shaft 144 to rotate with it further; or, if damper assembly 108 is 
holding Ci.e.. locking) shaft 144. the coupling cannot be further roUiied in iliai iotational direction. 
The amount of desired play betu'een damper assembly 108 and object IK gmarly depends on the^ 
resolution of the sensor 110 being used, and is described in greater detail below. Examples of 
types of play include rotary backlash, such as occurs in gear systems as described in the above 

20 cmbodimcnu. and compliance or torsion flex, which can occur with flexible, routional and non- 
rotational members. An embodiment including backlash is described in grciiicr detail below with 
reference to Figure 4c. Coupling 1 14 and/or shaft 144 can be considered a "play mechanism" for 
pruvidiiig (lie desired play between damper assembly 108 and object 18. Object 18 can olso be 
coupled directly to cnnpiing 1 14. Ahemati\'ely, sensor 1 10 can be positioned betu'een coupling 

25 114 and object 18 on main shaft 140. Shaft 140 would extend through sensor 110 and can be 
rigidly coupled to object 18 at the end of the shaft. 

In this alternate embodiment including coupling 114, sensor 110 should be ab ri^dly 
coupled to main shaft 140 as possible so that the sensor can detect the desired play between shaft 
144 and object 18. Any play between sensor 110 and object 18 should be minimi?ttd so that such 

30 play does not adversely affect the sensor's measnre.ment^. I'ypically, any inherent play between 
sciisoi 110 and object 18 should be less than the sensing resolution of the sensor, and preferably ar 
least an order ot m;^gninirte less than the sensing resolution. Thus, in the example above, the play 
between censor and object should be less than 1/10 degree and preferably less than 1/100 degree. 
Use of steel or other rigid materials for shaft 1 14 and other components, whidi is preferred, can 

35 allow the play between sensor 1 10 and object 18 to be made practically negligible for purposes of 
the prcscait invention. As referred to herein, a sensor that is "rigidly" coupled to o member bos a 
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play less than the sensing resolution of the sejisor (prcterably a negligible amount). The play 
between Uaiupci assembly 108 and object 18 is described in greater detail below. A suitable 
encoder to ivt used tor sensor 1 10 is the "Softpoi" from U.S. DiKiial of Vdiicouvei, Washington. 

As stated above, coupling 1 14 is suited for mechamLal systems that include the low-cost 

5 damper assembly 108. If a controlling computer system, such as computer system Irt. is to 
prnvide force feedback to object 18 being held and moved by a user, the computer system should 
be able to detect the direction that the user is moving the object even when the damper assembly Is 
applying maximum force lo Uic ubject to lock the object in place. However, when using pneumatic 
passive dampers of the present invftntinn which do not inherently allow a mcasumblc duiouni of 

10 play, such detection is difficult. The pneumatic dampers of Figure 4a provide j< resistive forre nr 
trir.finn to motion in both rotational direcuons about d^ib A (i.e., bi-directional resistance). Thus, 
when force from a damper prevents movement of an object in one. riirectinn, it also prevents 
movement in the opposite direction. Tliis typically docs not allow the sensors to transduce 
movement of the object in the opposite direction, unless the user overpowers the damper by 

15 providinjj u greater force than the damper's resistive force. This also applies to the linear 
movenwnt as shown with respect tn Figures 1-3. i.e., linear play can be implemented insicdd of 
rotary play. Compliance or backlash can be implemented between linearly moving (i e... 
translatable) components. For example, sensor 14 ciin be rigidly coupled to object 18 as shown in 
Figure lo, but the connection between piston 26 and object IK can include an amount of play 

20 provided by a small spring, flexible member, etc. Or, a sraaU amount of space can be provided 
between interlocked translatflhie components to provide play In accordance with the present 
invention. 

For example, object 18 may be q one-degree-of-frcedom joystick used for moving a video 
cursor that moves in the direction Indicated by the joystick on a video screen, The user moves the 

25 cursor into a virtual (computer generated) "wall", which blocks Thft motion of the cursor in one 
direction. The conuulling computer system also applies force feedback to the joystick by closing 
valve 1 18 to prevent the user from moving the joystick in the direction of the wall, thus simulauuj; 
tlic surface of the wall. If sensor 110 is rigidly coupled to damper shaft 114, a problem occurs if 
the user wishes to move the joystick in the opposite direction lu die waJl. Since the damper has 

30 locked the joystick in both directions, the contputer cannot detect when the user switches the 
joystick's direction unless the user overpuweis the damper. Thus, to the user, the cursor feels like 
it is •'stuck" to the wall. 

Applicant's introduced ("desired") play between object 1 8 and damper assembly 108 solves 
lliis prublcui effectively and inexpensively. The play allows the joystick or other connected object 
15 ro be moved .slightly in the opposite direction even when the damper applies mAwmuiu icabt^iicc to 
the joystick's movement. The sensor, being rigidly artached to the joystick, is not locked by the 
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damper and detecis ibe change in direction. The sensor relays the movemeni to the computer, 
which opens valve 1 18 to allow the joystick to he moved freely in the opposite direction. Thus the 
play mechaniam allows "uni-dircctional" resistance to be simulated on the user object. If the user 
should move the cursor into the wall again, the valve would be again be similarly closed. A 
5 method for controlling damper assembly 108 to provide such uni- directional resistance is described 
with reference to Figure 16. 

In many embodiments of the present invention, such desired play may not be necessary. 
For example, when using pneumatic piston assemblies, there is typically an amount of play that 
inherently exists when the valve ib eluded lo due mr leakages iii tlie piston cylinder md Uie 
10 compressibility of air. Thus, the piston will be able to be moved a small amount when maximum 
damping ixsistancc is applied. The sensor 14 or 1 10 can be rigidly coupled to the object to detect 
this play movement. This type and similar types of damper assemblies thus may not need coupling 
1 14 ond damper shaft 144 to provide the desired play and uni*direetional resistance. 

Other devices or mechanisms besides the use of play can be used in other embodiments to 
13 deieathe direction of motion of objea 18 while passive darapere are holding the objca in place. 
For example, force sensors can be coupled to the object to measure the force applied to the object 
by die user along desiied degices of freedom. A foicc sensor can detect if a usei is applying 4 
force, tor example, towards the vimial wall nr away trnm rhe virmal wall, and the computer can 
activate or deactivate the passive dampers aceordingly. Dclibcrotely-inrroduced play between 
20 objea and damper is thus not required in such an embodiraeoi. However, such force sensors can 
be expensive and bulky, adding to the cost and size of the interface mechanism. 

Figure 6b is a schematic diagram of trainsducer system 106. Object 18 has been moved by 

die usei about axis A iu die dixecuou iiidiciilcd by mvw 146. Aucurdingly, ahdli 140 and diU5 
rnraring member 120 rotate in the same, direction, as indicated by arrow 148. This causes piston 
25 124 to move in the direction of arrow 150, As shown in Figure 6b, ball joints 134 and 136 allow 
piston rod 126 to follow (he rotational movement of rotating member 120 and cause the linear 
movement of picton 124 without any stress or bending of die piston rod. 

Figure 6c is a eide secdonal view of damper shoft 144 and coupling 114 token along line 
6c-6c uf f i^uic 6a as used in die alternate embodiment in which a desired amount of play is 

30 provided hefween damper Rssejnbly 108 and object 18. In this described embodiment, rotary 
backlash is used to provide play between damper assembly 108 and coupling 114. la alternate 
embodiments, backlash can be provided between damper 108 and coupling 1 14 u.«ing different 
components, such as gears, pulleys, etc. Damper shaft 144 is keyed and is rigidly coupled to 
damper assembly 108 frotating member 120). Keyed shaft 144 mates with keyed coupling 114. 

65 The crnss-sRctional diameter of keyed damper shaft 144 is preferably smaller than bore 152 of 
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coupling. 114. to provide rte desired backlash. Keyed shaft 144 extends into keyed borc 152 of 
coupling 114. In Figure 6c, 154 is provided around Uic entire perimeter Of shaft 144. In 
alternate embodiments, gap 154 can be provided nnly between the sides of the keyed portion 156 
of shaft 144, as described with reference to Figure 6c. 

5 Figure 6d is a side sectional view of keyed damper shaft 144 and coupling 1 14 taken along 

line 6d-6d of Figure 6c. Keyed blidfi 144 is shown partially extending into roupling 114. As 
shown in Figure ftr, fmall gap 154 is preferably provided between coupling 114 and shaft 144. 
When shaft 144 is rotated, coupling 1 14 is also rotated after the keyed portion of shaft 144 engages 
the keyed portion of bore 152. described with refejencc to Figure 6e. Main shaft 140 rotates as 
10 coupling 1 14 rotates, since it is rigidly attached. 

Figure 6e is a detailed view of Figure 6c showing the keyed portions of shaft 144 and bore 
152. Exicudcd keyed portion 156 of shaft 152 protrudes into receiving keyed portion 158 of bore 
152. In alternate embodiments, an extended keyed portion of coupling 114 can piolrudc into a 
receiving keyed portion of shaft 144, Gap 154 has a width d which determines how much desired 

15 baclflash (play) is introduced between damper assembly 108 and object 18. (Additional 
unintentional backlash or other iiilicrciii play can exist between the components of ihc^ysrem due 
to compliance of the shafts, etc.) In the described embodiment, in which sensor 1 10 has n sensing 
resolution of about 1/10 degree, d is preferably about 1/1000 inch. Note lhat the distance d can 
widely vaiy iii alternate embodiments. The chosen distance d ir prefer;«bly made small enough to 

20 prevent the user from feeling the backlash that exists in the system when handling object 1 8 and yet 
is large enough for the sensor to detect tlie play (ix,, greater than the sensirig resolution of sen^sor 
110) to allow the sensor to inform the computer the direction that the user is movirtg object 18. 
Thus, the distance d is highly dependent on the sensing resolution of scusor 1 10. For example. If 
a sensing resolution of 1/100 degree Is available, the distance d can he much smaller. The amount 

25 of backlash that a user can typically feel can depend on the size and shape of object 18; however, 
the backlash described above is not delectable by a user for the majority of possible objects. In 
other embodiments, it may he desirable to allow the user to feel the backlash or other play in the 
system, and thus a gieoter distance d can be implemented. 

In the preferred embodiment, distance d allows rotational luovemcnt of coupling 1 14 at 
30 least equal to tltc sensing resolution of sensor 1 10 in either direction, thus allowing a total backlash 
of distance of 2d between surfaces 162 and 164 of coupling 1 14. Alternatively, a total backlasli of 
distance d between surfaces 162 diid 164 can be implemented (half of the shown distance). In 
such an embodiment, however, sensor 1 10 would only be able to detect movement from one limit 
of the backlash to the other limit, and, for example, movcuical of coupling 114 from a center 
35 position (a5 ^hown in Figure 6c) would not be detected. 
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In the described embodiment, digital encoder sensors 110 ore uscd« in which rotational 
movement is detected using a number uf divisions on a wheel that are rotated past fixed senson;. as 
is well irnown to those skilled in the art. Each division causes a "pulse/*, and the pulses ore 
counted to determine the amount (magnitude) of movement. Distance d can be iimde as large or 
5 larger than the sensing resolution of the encoder so that the magntnirie and direction of the 
movement within gap 154 can be detected. Alternatively, the resolution of the sensor can be niade 
xreat enough (i.e., the distance between divisions should be small enough, in a digitaJ encorieir) to 
detect movement within gap 154. For example, two or more pulses should be able to be detected 
within distance d to deterinine the direction of inoveiiicni uf ubjecl IS and coupling 1 14 using a 
10 digital encoder or the hlcp.. 

V/hen cnnphng 114 is initially rotated from the position shown in Figure 6e in a direction 
indicated by arrow 160 (counterclockwise in Figure 6c) as the user moves object 18, Qie coupling 
freely rotates. Coupling 1 14 can no longer be rotated when the inner surf ace 162 of keyed portion 
158 engages surface 166 of keyed portion 156. Thereafter, external force (such as from the user) 
15 in the same diiectiun will cause either both coupling 114 and Shalt 144 to rotate in the same 
direction, or the external three will be prevented if damper assembly 108 is locking shaft 144 in 
place with high resisdve force to prevent any rotational movement of shaft 144. 

If the user suddenly moves object 18 in the opposite rctatioual diicciiun after surface 162 
has engaged surface 166. coupling 1 14 can again he rotated fieeJy within gap 154 until surface 164 

20 of bore 152 engages surface 168 of shaft 144» at which point both shaft and coupling arc rotated 
(or no rotation is allowed, as described above). It is the magnitude and direction of the mnvemenr 
herween the engagement of the surfaces of keyed portions 156 and 158 which can be detected by 
sensor 110, since sensor 110 is rigidly coupled to cuupling 114. Sensor 110 can relay the 
direction which coupling 1 14 (and thiK objea 18) is moving to the controlling computer, and the 

25 computer can deactivate or activate damper assembly 108 accordingly. Even if objea 18 is held iu 
place by daiapcr assembly 108. as when moving into a virwal '"wair', the compnter can detect titie 
hacWIash movement of object 18 if the user changes the direction of the object and can remove the 
damper resistance accordingly. It should be uoicd Qiai computer 16 should preferably deactivate 
the passive damper (e.g., open valve l IK) before surface 164 engages surface 168 so that the user 

30 will not feel any resistance to movement in the opposite direction. 

Instead of implementing play as rotary backlash, as described above, torsiou Qca or 
couipliancc can be provided in the shafts to provide the desired amount of play. A flexible 
coupling 114 can take many possible forms, as is well known to those skilled in the art. The 
flexible coupling can allow main shaft 140 to ruuie independently of damper Shaft 144 for a small 
35 distance, then force damper shaft 144 to rotate in the same direction as coupling shaft 140. 
Compliance or flex can be provided with spring members and the like. However, fluid rcsisUacc 
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devices such as pneumatic piston/cylinders may include on omount of inherent couiplidiicc, 50 that 
a flexible coupling may not be acedcU. 

Figure 7 is a schcmaiiu diaKriU" of an alicmaie embodiment 106* of transducer ,^yw.m 106. 
Embodiment is similar to system 106 except for the placement of the damper assembly 108. 
5 Object 18 is coupled to main shaft 140, which rotates about aAii> A. Sensor 1 10 is rigidly coupled 
to main shaft 140 and operates as described with respect to Figure 6a. Opposite coupling 170 is 
provided at the end of main shaft 140 opposite to sensor 1 10 to provide support. 

Damper assembly 108 is substantially similar to the damper assembly shown in Figure 6a. 
diid includes a piston assembly 116 and a valve 118. Piston assembly 116 includes a piston 

iO cylindex 122. a piston 124. and a piston rod 126 coupled to piston 124 at one end. However, 
instead of coupling the otlier ciid uf piston rod 126 to a rotating member 120. the rnd end is 
coupled to object 18 with a hall joint 172 similar to the ball joint 134 shown in Figure 6a« When 
object 18 is rotated about axis A, as shown by anrows 107, piston rod 126 and piston 124 are also 
moved in a linear direction along axis \2i^. Ihe thud flow through orifice 130 and valve 118 is 

15 controlled similarly as described with reference to Figures la and 6a to cause a damping resistance 
to the moiiun uf object 18. 

Figure 8 Is a schcmadc diagram of a preferred interface system 180 in accordance with the 
present invention that provides m'o or three degrees of freedom to user object 18 and mechanical 
input and output. System 180 includes a gimbal mcchunism 182. optional linear axis member 1 M, 
20 transducer systems 106a and 106b. and user object 18. 

Gimbal mechanism 182, in the dei^ribed embodiment, provides support for system 180 on 
a grounded surface 186 (schematically shown as part of member 188). Gimbal mechanism 182 is 
preferably a five-member linkage that includes a ground member 188, extension members 190a 
and moh. and central members 192a and 192b, Ground member 188 is coupled 10 a base or 

25 surface which provides stability for system 180. Ground member 188 is shown in Figure 8 as two 
separate members coupled together fhrough grounded surface 186. The members of gimbal 
mechanism 182 are rotatably coupled to one another through the use of bcsirings or pivots, wherein 
extension meuibcr 190a is rotatably coupled to ground memher 1X8 pnd can rotate about an axis B, 
central membex 192a is rotatably coupled to extension member 190a and can rotate about a floaliiix 

30 axis D, extension member 190b is iviatably coupled to ground member 188 and cm rotate about 
axis C« central memher 192h is rotatably coupled to extension member 190b and can rotate about 
floating axis E» and central member 192a is rotatably coupled to central member 192b a: a center 
point P at tlic intersection of axes D and E. The axes IJ and H are "floating" in the sense that they 
are not fixed in one position as are axes B and C. Axes B and C are substantially mutually 

35 perpendicular. As used herein, "substantially perpendicular" will mean that two objerts or axis are 
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exacUy or almost peipenrtirjiUr. i.e. at least within five degrees or ten degrees of pcrpcndiculai , ur 
more preferably within less than one degree of pcfpeudicular. Similarly, the temi "substantially 
parallel'* will mean that tU'O objects nr aicis are exactly or almost parallel. i.e. are at least within five 
or ten degrees of parallel, and arc preferably within less than oiie Jc*^ of parallel. 

5 Gimbal mechanism 182 is formed as a five mcmbci closed chidn. Each end of one memher 

is uiupled to the end of a another member. The iive-mAmber linkage is ananged such thot 
extension member 190a, central member 192a, ond central member 192b can be luUiicd about axis 
B in a first degree uf freedom. The linkage Is also arranged such that exr^'.nsion member 190b, 
central mftmber 192b. and centr^ member 1 92a can be rotated obout axis B in a second degiee of 
10 freedom. 

Also preferably coupled to gimbal mechanism 182 are iransducer systems 106a and 106b 
foi iransduclng rotary degrees of freedom, including sensors and dampers as described in Figure 
6a. Such transducer systems are preferably coupled at the link points between members of the 
apparatus and pioviUc input to and output ftom an electrical system. Mich as computer system 16. 

13 Transducer systems 106a and 106b preferably include damper assemblies 108a and lOSb and 
sensors llOa and 110b, respectively. Daiiipcr assemblies 108a and 108h mcliidft piston 
dsscmblies 1 1 6a and 116b, respectively, and valves 118a and 118b. respectively. Piston ' 
assemblies 116a and 116b each include a cylinder 122. a piston 124, a piston rod 126, and a 
rotatablc membci 120, iis described with reference to Figure 6a. (tmtmd member 123 of the piston 

20 assemblies can be the same as ground member 188, or a different ground member. A computer 
system 16 (not shown) is preferably clccirically connected to sensors 1 10 and valve.<: 1 18 to control 
ibe sensors and dampers with electrical signals, as described in the above transducer embodiments. 

As described above in Figure 6a. danger assemblies 108a and 108b are passive dampers 
that provide damping resistance to the motion of object 18 in a degree of freedom and sense the 

25 position of object IS in that degree of freedom. . Transducer system I06a transduces the motion of 
object 18 m thp: rotary degree of freedom about axis B (and/or floating axis E), and uaiisducer 
system 106b transduces the motion of ubjccl 18 in the rotary degree of freertnm about axis C 
(and/or floating axis Dj. 

User object 18 is coupled to interface system 180. Object 18 con be coupled to central 
30 member 192a or 192b, for example, at intersection puinl P. Object 18 Is preferably an interface 
object fur a user to grasp or otherwise manipulate in three dimensional (3D) space. Suitable user 
objecD; are described with the transducer systems of Figures 1-5. User object 18 iikiy be moved in 
the two degrees of freedom provided by gimbal mechanism 182. As user object 18 is moved about 
axis B, floating axis E varies its position, and as user object 18 is moved about axis C. floating 
axis F varies its position. 
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It should be noted that intarfocc system 180 is only one pmticular embodiment of a 
mechonism for implementing twu or more degrees of freedom. The passive transducer systems 10 
and 106 of the present invenfinn cm be. used with a variety of mechnnicol apparatuses, such 
slotted yoke joystick mechanisms, other types of gimbal mechaiiisim, etc.. which arc well knnwn 
to those skilled iu die an. A sloned yoke joystick mechanism is described below with reference to 
Pigiirft 11. 

In alternate embodiments, user object 18 can be provided wiili additional degrees or 
freedom using the gimbal jiicchanism of Interface system 180. For example, a linear degree of 
freedom can be provided rr> joystick 18 in Figure 8 by allowing the joystick to be linearly inuvcd 
along floating axis F as shown in Figure 8. Joystick 18 can be translatably coupled to rhe ends of 
ceaiTdl members 190a and 190b. Axn F can be rotated about axes B,C, D, and E as joystick 18 is 
rotated about these axes. A transducer system 10 oi 106 can be provided to sense anri/or dampen 
movement along axis F. Additional degrees of freedom can be provided to object 18 as well, fur 
example^ using a floating gimbal mechanism or otlier iiu;chanical apparatus. 

Figures 9 and 10 arc perspective views of d specific embodiment 202 of interface i^ystem 
180 for providing iwu dej^rces of fteedom to object IX and mechanical input and output to o 
computer system in acrordance with the present invention. Figure 9 shows a front view of system " 
202, and Figure 10 shows a rear view of the system. System 202 Includes a gimhal merJianism 
182, sensors 110, damper assemblies 108, and user object 18. Object 18 is shown in this 
embodiment as a joystick handle which can be moved in two degrees of freedom. Interface itysrejn 
202 opciaics in substantially the same fa.'ihion as system 180 described with reference to Figure 8. 

Ouubal mechanism 182 provides support for system 202 on a grounded surface 186, such 
as a table top or similar surface. The members and joints ("bearings^) of giuibal mechanism 182 
are preferably made of a lightweiglit, rigid, sdff metal, such as aluminum, but can «lso be made of 
odier rigid materials such other metals, plastic, etc. Gimbal mechanism 182 includes a ground 
member 188, extension members 190a and 190b, cealral drive member 192a. and central link 
mcmbei 192b. Ground member 188 include.^ a base member 204 and vertical support members 
2(lf>. Rj^se member 204 can be coupled to grounded surface 186 (oi may rest on grounded surface 
186) and provides two outer vertical surfaces 205 which are in o substantially perpendicular 
relation which each other. A .vejtical support member 206 is coupled to each of these outer 
surfaces of base member 204 such that vertical uiciubeni 206 are in a similar substantially 90- 
degrec relatiun with each other. 

Rotating members 120a and 120b are each preferably rotaubly coupled to a vertical 
member 2()fi. Member 120a rotates about axis B and member I20b rotates about axis C. Rotating 
members 120a and 120b function as described above with reference to Figures 6a and 8. 
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kxtension member IVOa is ngtdly coupled to mtaring member 12Cb and ik rofntexJ about 
axis B as the rotating member is rotated. Likewise, extension member 190b is rigidly coupled to 
the other rotating member 120b and can be rotated about axis C. Both extension member!; 190a 
and 190b are formed into a substantially 90-degree angle with a short end 208 coupled to rotating 
5 members 120a and 120b. Central drive member 192a is rotatably coupled to a long end 209 of 
extension member 190a and extends at a substantially parallel relation with axis C. Similarly, 
central link member 192b is rotatably coupled to the long end of extension member 190b aiid 
extends at a substantially parallel relation to axis B (as better viewed in Figure 10). Central drive 
member 192a and central link member 192b are rotatably coupled to each other at the center of 
10 ruiaiiun of iLc Kuubal mechanism, which is the point of intersection P of axes B and C. Bearing 
210 connects the two central members 192a and 192b together at the intersection point P. 

Gimbal mechanism 182 provides two degrees of freedom to an object positioned 
approximately at or coupled to the center point P of rotation. An object appioxiii^icly at ur 
coupled to point P can be rotated about axis B or C or have a combination of mtatinnal movement 
15 about these axes (when a combination of rotationol movement is implemented, the object actually 
rotates about the floating axes D and/or E Instead of axes C and/or B, respectively, as shown and 
described with reference to Figure 8). 

Damper assemblies 108a and 108b are preferably coupled to gimbal mechanism 182 to 
provide input and output signals between interface system 202 and computer sy^iciu 16 (not 

20 shown). Damper assembly 108a is coupled to ground member and to Mtensinn mftmhw 
190a, and likewise damper assembly 108b is coupled to ground member 204 and to extension 
aicmbei 190b. As described in ilic above embodiments, damper assemblies 108a and 108b each 
preier^ibly include a piston assembly 116 and a valve 118, where the piston assembly includes a 
cylinder, piston, and piston rod which couples the piston to a concspoiidiiig lOtaliiiK iiiciubcr 120. 

23 Computer system 16 can control the flow of a tlnirt rhrongh the piston cylinders and valves by 
sending and receiving electrical signals to the valves, as described above. Damper assembly 108a 
thus provides damping resistance to the motion of object 18 in the fu^t degree of freedom about 
axis B (or floating axis E), and damper asi^embly 108b provides damping resistance to the motion 
of object 18 in the second degree of freedom about axis C (ur nualinK axib D). 

30 Sensors 1 10a and 110b are provided to detect tlie posiiioa of Ujc ubjccL 18 about the two 

degrees of freedom and relay this position to computer system 16, The C7lindei of grounded 
sensor 1 10a is preferably coupled to the outside surface of a vcnical support me m ber 206 and 
uicasurw the position of object 18 in the first degree of freedom about axis B (or axis E). i.e., 
sensor UOa is "associated with" or "related to" the first degree of freedom. A rotational shaft of 

35 sensor 1 10a is coupled to main shaft 140 which extends fiom exieiisiuiL uicuibcx 190a, through 
rotating member 120a. through vertical member 206. to sensor IIO to transmit rorarional 
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movement aJong the first degree of freedom. Sensor 1 10b preferably corresponds to sensor 1 10a 
in function and operation, except that sensor 110b is assu^iaicd with a second degree of freedom 
about axJs C (or axis D). Sensor I lOh i.^ cnuple^i to the other vertical support member 206. In 
alternate embodiments, sensors 110a and 110b can be positioned in other locaiiuas on gimbal 
5 mechanism 182. Fur cAample, the sensors can be coupled to their corrftsponding extension 
memhers iy(b And 190b on the opposite side of vertical members 206 shown in Figures 9 and 10. 

Sensors 110a and 110b are preferably relative optical encoders which provide siguul^ iu 
measure the angular rotation of a shaft cxiciiding through the sensor. The electrical outputs of the 
encoders are routed to computer ?;yQfftni 16 via buses as detailed with reference to Figures la, 12, 
10 and 13. Other types of sensors con also be used, such as potentiuiuelcrs, linear encoders, etc. 

It should be noted that the present invention con utilize boib nb^uluie and relative sensors. 
An absolute sensor is one which Che angle of the sensor is known in absolute terms, such as with 
an analog potentiometer. Relative sensors only provide relative angle informaliuii, and thus require 
some form of calibration step which provide a reference position for the relative angle information. 

15 The sensors dp.<:rrihed herein are primarily relative sensors. In consequence, there is an implied 
calibration step after system powci-up wherein the sensor's shaft is placed in a knnwn position 
within the interface system 202 and a calibration signal is provided to the system to provide the' 
reference position mentioned above. All angles provided by Hxc ^cnsurs are thereafter relative to 
that refeieace position. Such calibration methods are well known to those skilled in the ait and, 

20 therefore, will not be discussed in any great detail herein. 

The transducer assemblies 108a and 108b of the described embodiment axe advaiiuxcously 
positioned to provide a very low amount uf incnia to the user handling object ix. Transducer 
assemblies 108a and 108b are deconple.d, meaning that the transducers are both directly coupled to 
ground member 20^1 which is coupled to ground surface 186, i.e. the ground surface carries the 

25 weight of tlie d^impcrs. not the user handling object IK. Similarly, sensors llQa and 110b are 
coupled to vertical members 206 which are coupled to ground surface 186. Tlie weights and 
inertia of the dampers and sensors arc tlius subbuntially negligible to a user handling and moving 
ubjcct 18. This provides a more realisrir. interface to a virtual realit>' system, since the computer 
can control the dampers to provide substantially all of the damping resistances felt by the user in 

30 these degrees of xnuiion. Interface system 202 is a high bandwidth force feedback system, 
meaning that high frequency signals can be used to control damper assemblies 108 and these liiKb 
frequency signals will be applied to the user object with high precision, accuracy, and 
dependability. The user feels very little compliance or "mushiness" when handling object 18 due 
to the high bandwidth. In contrast, in typical prior an aifaiagcmcnti) of mulll-dcgree of freedom 

35 interfaces, ouc u^ansducer "rides" upon another transducer in a serial chain of links and transducer. 
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I'hi.Q InW bandwidth arrangement causes the user to feel the inertia of coupled transducers when 
manipulating an object. 

In addition, play mechanisms 114 as shown above ia Figuic 6a tan be added 10 the damper 
assemblies of Figures 9-U) tn prnvidft an rte^imd ;^moiint of play. 

3 User ohject 1 H is a joystick handle 121 in the described embodiment of Figures 9 and 10 

that a user con move in two degrees of freedom. The position of joysiick 121 can be sensed and 
damping resistance can be applied in both degree?; of frEfidnm by compuiex system 16. In the 
described embodiment, joystick 121 is fastened to central member 210 so that the user tan mov-e 
the joystick hi ilic two degrees of freedom provided by gimbal mechanism 182 as rie-sciibed above. 
10 in j^ltemate embodiments, a linear axis F can be provided and a transducer can be coupled to the 
linear axis to provide a thiid and fourdi degrees uf freedom. In yet other embodiments, a floating 
gimbal mechanism, or a difterenr mechanism, can be added to the joystick to provide six degrees 
of freedom. 

Joystick 121 can be used in virtual rcalit)' simulations in which the usei tun move the 
IS joystick to move a compuicr->;cneiared object in a simulation, move a simulated vehicle, point to 
objects on a screen, control a mechanism, etc. For example, a user can view a virtual cnvirorunent 
generated on Q computer screen or in 3D goggles ia wiiieh joystick 121 controls an aircraft The 
computer system tracks the position of the joystick as the. user moves it around with sensors and 
updates the virtual reality display accordingly to make the aircraft move in the indicaicd direcuon, 
20 etc. The computer system also provides passive damping force feedback tn The joystick:, for 
example, when th^ airrraft is banking or accelerating in a turn or in other situations where the user 
may experience resistances on the joystick and find it more difficult to steer the aircraft. In other 
simulations, joystick 121 can he provided with a pulsed (on and ofO damping resistance to 
simulate a "bumpy" feel to the user grasping the joystick. Tliis can simulate, for example, a 
25 veliicle uioviug over a bumpy road. 

Figuic 1 1 is d perspective view of alternate intertace system 220 suitable for use with 
transducer system 10 or 106. Interface system 220 includes a slotted yoke configuration for use 
with joystick controllers that is wcU-known lu iljuse skilled in the an. System 220 include.^ slotted 
yoke 222a, slotted yoke 222h, sensors 110a and 110b. bearings 224a, and 224b, damper 
30 assemblies 106a and 106b, and joystick 18. Slotted yoke 222a is rigidly coupled lo shaft 226a that 
extends thipu^h and is rigidly coupled to sensor 1 10a at one end of the yoke. Slotted yoke 222a is 
similarly coupled to shaft 226c and bearing 22^1 a at the other end of the yoke. Slotted yoke 222a is 
romtable about axis L in a first degree uf freedom and this movement is detected by sensor 110a. 
Sensors 1 10a and 1 lOh and hearings 224a and 224b are grounded. 
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Damper assembly 108a is preferably a pnftnmarir. damper as described above with reference 
CO Figure 6a. In altemata embodiments, damper assembly 108a can be instead coupled to shafi 
226i; iicxi lu bearing 224a. In yet other embodiments, sensor 1 10a can be coupled to sfwft 22ftr or 
bearing 224si can be implemented as another sensor like sensor 1 10a. 

s Similarly, slotted yoke 222b is rigidly coupled to shaft 226b and sensor 11 Ob at one end 

and shaft 226d and bcaiing 224b ai ilic utlicr cad. Yoke 222b can rotated about axis H and this 
movement can be detected hy sensor 1 10b. Damper assembly 108b is coupled to shaft 226b and is 
described in greater detail above with reference to Figuic 6a. Damper assemblies 108a and 108b 
are grounded as shown. 

10 Alternatively, the linear damper assembly 10 of Figure la can he used in place of the rotaij' 

actuator assemblies 106 shown in Figure 11. In a different embodiment, the damper assemblies 
108a and 108b can be cuupled directly to object 18 as shown In Figure 7. 

Object 18 is a joystick thai Is plvotaily anached to ground surface 230 at one end 232 so 
that the other end 234 typically can move in four 90-degree directions from its center position 

IS above surface 230 (and additional diiccUuns in other embodiments). Joystick 18 extends through 
slots 236 and 238 in yolce.s 222a nnd 222b, respectively. Thus, as joystick 18 is moved in any 
direction, yokes 222a and 222b follow the joystick and rotate about axes G and H. Seusurs 1 10a- 
d delect this rotation and can thus track the motion of joystick IK. The ;*ddition of damper 
assemblies 108a and 108b allows the user to experience force feedback when handling joystick 18, 

20 Other types of objects 18 can also be used in place of a joysdck* or additional Objects can be 
coupled to joystick 18. 

In alternate emhodimenK. ri;impe.TS and couplings can be coupled to shafts 226c and 226d 
to provide additional force to joystick 1 12. Damper 108a and a danipei coupled lu shaft 226e can 
be controlled simultaneously by a computer or other electrical system tn ;^ppJy or reJease force from 
25 bail 222a, Similarly, damper assembly 108b and a damper coupled to shaft 226d can be controlled 
simultaiieously. 

In a different cmbodimem, a play mechanism 1 14 as shown in Figure 6a can also be rigidly 
coupled to shatt 22f>a and damper assembly 108a to provide a desired amount of play between 
damper assembly 108a and shaft 226a. Similarly, a coupling can be ligidly coupled lu shaft 226b 
30 and damper 108b. Note that the .<;lottert ynlce conrignrarion typically introduces some inherent play 
(such as compliance or backlash) to the mechanical system. Couplings can be added to provide an 
additional amount of play, if desired. Similarly, other Interface mechanisms that typically provide 
an amount of inherent play can be used such that the inherent play is measured by sensor 1 10 and 
no play mechanism is required. 
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Figure 12 is a block diagram inustrating a generic concrol sysicm 250 for Qic iiiierfacc 
appHTdiuscs of the present invention. Conuol system 250 includes computer system 16. sej^sors 
U or 110. dMnpers 12 or 108. and control electronics; 252, Couiputer system 16 sends signals to 
and receives signals from transducer systems included in an interface system. A biclirpcnnn;^! hu?; 
5 254 is used 10 provide and receive these signals. In the preferred embodiment, a serial pon of 
computer system 16, such as an RS232 port, connects the hi^trectional bus to computer system 
16, Aliemailvely, a pandld putt of computer system 16 con be coupled to bus 254, or bus 254 can 
be connected directly to the. data bus of computer system 16 using, for example, a plug-in card and 
slot or other access of computer system 16. 

10 Computer system 16 can input a "sensor signal" on bus 254 from sensors 14 or 110 

representing the position or motion of object 18. Compuier sysiciii 16 caii also output a 
"dampening signal" on bus 254 to dampers 12 or 108 to cause a damping resistance, to user objer.r 
18. Sensors 14 or 110 and dampers 12 or 108 aie described in the embodiments of Figures 1-11 
and below in Figures 13 and 14. Control electronics 252 are positioned between computer system 

15 16 aiid tlie sensors and dampers, and can include a variety of different components in different 
embodiments. Hor example, electronics 252 may just include bus wires connecting compuier 
system 16 to the sensors and dampers. Or, electronics 252 may additionally include electronic 
components for communicating via standard protocols on bus 254. In addition, cunuul clccuviiics 
252 can include signal conditioning/processing electronics for receiving signals from sejtsors 1 A or 

20 1 10 aiivl/ui puwei elcctiomcs for driving dampers 12 or 108. 

Preferably, in the present invention, control electronics 252 includes a local embedded 
"contro!" microprocessor 251 to control sensors and dampers of the interface system Independently 
of computer system 16. In such an embodiment, computer system 16 can issue high level 
supervisory commands to the local processor 251 over bus 254. The local pixiccssor 251 execuics 

25 local control loops ("reflexes") for sensors and dampers in panUlrf with the. high Iftvei conrmi 
routines. Reflexes are useful when using a slower communication interface, such as a serial 
interface. For example, the local microprocessor 251 can be provided with instructions to wait for 
commands or requests from computer system 16, decode the commands or requests, and handle 
input and output signals according to the commands or requests. If computer bysieiii 16 spends a 

30 command to change the damping resistance provided by the dampers, the microprocessor c^n 
output signals to tiie damper representing the new damping force to be applied, and can send an 
nctnnwiedgment tn computer system 16 that such output was sent. If computer system 16 sends a 
request for sensory input, the concrol microprocessor can send position data from the sensors to 
the computer 16. Processor 251 can also independently implement command routines to control 

35 dampers or sensors until a host comnmd is received. Suitable microprocessors for use in such 
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operations include the MC68HC711E9 by Motorola and the. PK:iftC74 by Microchip, for 
example. 

Coniiul clccuuiiics 252 can be provided as Q component of the interface system, as shown 
in Figure 12. Altexnaiivdy, the cnntml electronics 232 can be Included with compuicr sybicui 16, 
5 such as on an interface card, peripheral, etc. 

Figure 13 is a schematic illustraiion of a specific embodiment 270 of control system 250 as 
5;hnwn m Figure 12. System 270 can send and receive Mgnals to and from transducer system 10 
or 106. System 270 is suitable for use with the dampere ot the. pre.^ent invention which provide a 
passive fluid resistance to motiun. and wliich include the two-sutc on/off valve as described with 
10 reference to Figure la. System 270 includes digital sensor 14 or 110. sensor Interface 274. 
transistor 276, voltage pvotcctor 278, and solenoid 280. Sensor interface 27>l, transistor 276, and 
voltage protector 278 cm he considered pan of the control electronics 252 of FiKurc 12. A local 
processor 251 (not shown) con also be included in system 270 between computer system 16 and 
transistor 276/sensor interface 274. 

15 Host computer system 16 receives sensor signals fiuiu one or more sensors 14 or 110 to 

determine the position of the object. The computer system preferably implements a simulation or, 
similar virtual ciiviiumiicnl wliich a user is experiencing and moving object 18 in response to, a£ is 
well known to thnsc skilled in the art In the described embodiment, computer system 16 includes 
interface clcctromcs, which prefcrobly include a serial port, such as an RS-232 interface. This 

20 interface is suitable for controlling the passive damper:> uf die present iavcuiion. 

Sensor 14 or 1 10 is preferably a digital sensor such as a relative optical encoder, as 
described above. Sensor 14 is preferably an electro-optical device that, for example, responds to a 
shaft's ruutioii by pruduciug two phase-related signals (in a rotary degree of freedom); or 
produces these two signals in reRponse to movmenl of a linear shaft (In a linear degree of 

25 freedom). In the described embodiment, a sensor interface 27^1 can be used to convert the sensor 
signals to signals that can be interpreted by the computer system. Fur cAauiple, sensor interface 
274 receives the two phase-related signals from a sensor U or 110 and convexTS the rwo signals 
into another pair of clock sIctuIs. wlUdi drive a bi-directional binary counter. The output of the 
binary counter is received by computer system 16 as a binary number representing the angular 

30 posiuon of the encoded shaft. Such circuits, or equivalent circuits, are well known to those skilled 
in the art: for example, the Quadrawrc Chip LS7166 from Hcwlcii Packaid, California performs 
the functions described above. The position value signals are interpreter^ by computer system 16 
which updates Qie virtual icaliiy environment and controls damper 108 as appropriate. Other 
interface mechanisms can also K*- used to pmvidc an appropriate signal to computer system 16. 

35 Sensor interface 274 can be included within computer system 16, such as on an interface board or 
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card as used in typir.pl pcrsnnal computer systems. AlicmaUvdy, sensor inicrfacc 274 aan be 
included within transducer system 10 or 106. 

Alternatively, an analog sensor can be used instead of digital sensor 14. or 1 10 for all or 
somf. of rhe transducers of the present invention. For example, a strdiii gauge can be comiected to 

5 measure forces. Analog sensors can provide an analog signal represratative of the. position of The 
user object In a particular dcj^rcc of freedom. An analog to digital converter (ADC) can convert the 
analog signal to a digital signal thftt is receivert and interpreted by computer system 16, as is well 
known to those skilled in the art The resolution of the detected motion of object 18 would then be 
limitPd hy rh^-. resoiutinn of the ADC. However, noise can sometimes raa&k smaD movements of 

10 object 18 from an analog sensor, which can potentially mask the play that is important to some 
embodiments of the present invention. 

Transistor 276 Is electrically coupled to compuier system 16 at its base tenninal and 
operates as an electrical switch for controlling the activation of solenoid IKO. Solenoid 280 is 
cuupled to tlie collector of transistor 276 and switches the valve 22 (as shown in Figure 1) or 118 

1 s (as shown in Hignre fia) between on and off states to control the damping resistance on the naotion 
of object 18. Computer system 16 con send a dampening signal, such as a TTL logic signal, on 
bus 282 to control transistor 276 to either allow cunent to flow through ibc sulcnuiU \u aoivaie it - 
and open the valve, or to allow no current to flow to deactivate the solenoid flnri close, the valve, as 
is well known to diose skilled in the ait Resistor Rl is coupled between the emitter of transistor 

20 276 and ground, and has a resistance adequate to cause the correct amount of current to flow 
through solenoid 280. Protection circuit 278 is coupled to the collector of transistor 276 and 
provides voltage spike prottxlion lo the ciiuuilry and prcfcrdbly includes two diodes oi equivalent 
components. 

Other types of interface circuitry can also be used. For example, an clecirontc interface \% 
25 described in U.S. Patent Application Serial No. 08/092,974, fllcd July 16, 1993 and cntidcd "3-D 
Mechanical Mouse" a!y;igned to the assignee of the present invention and incorporated herein by 
reference in its entirety. The electronic interface described therein was designed for the Immersion 
PROBE^ 3'D mechanical mouse and has six channels coircspondinK lo ilic sIa Uc^itcs of 
freedom of the Inmiersion PROBE. 

30 Figure 14 is a schematic illustration of circuitry 284 to send and receive signals from 

transducer system 10/106 and interface system 180. CircuiU7 284 is suitable for use widi passive 
dampers of the present invention which include a variable servo valve that is controlled with an 
analog voltage. Circuitry 284 can also be used to control other passive dampers or actuators, such 
as magnetic particle brakes and the like. Circuitry 2S4 Includes computer system 16, digital sensor 

35 14 or 1 10, sensor interface 274, digital to analog converter (DAC) 286, amplifier 28R, fransisfnr 
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290, voltage protector 278, and solenoid 280. All these components except the computer system 
16 and sensors 14 or 1 10 can be considered as part of control electronics 252. 

Sensor interface 274 receives a signal from sensor 14 or 110 and is coupled to computer 
system 16. These components are substantially similar to the equivalent components described 

5 with reference to Figure 13. DAC 286 is coupled to computer system 16 and receives a digital 
signal from the computer system representing a resistive force value to be applied to user object 18. 
DAC 286 converts the digital signal voltages to analog voltages which are then.output to amplifier 
288. A DAC suitable for use with tlie piesent invention is described with refaicnce to Figure 15. 
AmplitipT 2X>!; rereivftc fhft ;inalr>g vnlf:»gft trnm DAC 2X6 nn a pnsifive. termin;*! nnd scales the. 

10 voltage signal to a range usable by solenoid 280. Amplifier 288 can be implemented as an 
operational amplifier or the like. Transistor 290 is coupled to the output of amplifier 288 and 
preferably operates as an amplifier to provide increased output current to solenoid 280. Resistor 
Rl i^ Louplcd bciwccu die ucgalivc icruiinul uf amplifier 288 and the ciniilcr uf iransisltjr 290, and 
resismr R2 ifi cnnpteri hftrween the. negfltives tenminal of amplifier 288 and ground. For example. 

15 resistors Rl and R2 can have values of 180 kfl and 120 kJl. respectively, and provide the proper 
biasing in the circuit. Voltage protector 278 is coupled to the emitter of transistor 290 and provides 
protection from voltage spikes when using inductive loods, similar to protector 278 of Figure 13.^ 
Solenoid 280 is coupled to the emitter of transistor 290 and to ground, and can be a standard 
solenoid for use in valves 22. Alternatively, a different passive damper, such as a magnetic 

20 pardclc brake, can be coupled to circuitry 284 in place of solenoid 280, A sepaiate DAC aiid 
amplifier can be used for each solenoid or other actuatnr/damper implemented in the infftrfiace 
apparatus so the computer system 16 can control each damper separately for each provided degree 
of motion. Circuiuy 284 (and 270 of Figure 13) Is Intended as one example of many possible 
circuits that can be used to interface a computer system to sensors and dampers. 

25 The computer system 16 shown in Figures 13 and 14 sends and receives signals preferably 

from a serial port, such as an RS-232 serial iiiteifuce. Aii advdiii<i)^c uf Qic prcsicni invcntiun lb lhai 
Slower serial communication signals can he used tn contml the de^ccrihed passive dampex. thus 
allowing a computer's built-in serial interface to be used directly. Alternatively, circuitry 284 can 
be provided on an interface card which can. for example, fit into an inteiface Slot Of computer 

30 system 16. For example, if computer 16 is an IBM AT compatible computer, the interface card can 
be implemented as an ISA, EISA, VESA local bus. or other wcU-kiiowu s^lmidiml inlcrfdu; card 
which plugs into the motherboard of the computer and provides input and output ports coimecied 
to the main data bus of the computer. 

Figure 15 is a flow diagram illustrating a control process 300 for an interface system 100 or 
35 106 uf the present invention. This process can be used generically to provide force feedback to a 
usex of the interface. In the preferred embodiment, a local processor is included in control 
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electronics- 252 as described above. The steps of prucc^s 300 can be implemented from host 
computer 16 or a local processor. 

The procetfi begins at 302, and in a step 3CU. ThP. inrcrTace .system is activated. This step is 
the equivuleni uf puwcriuK up die interface so that it can be commanded by host computer 16 
5 and/or proessor 251. In step 305. a process on computer system 16. such as a simulation, video 
game, etc.. is begun or continued. In the process of step 305, images can be displayed for a user 
on an output display device and other feedback can be presented. 

Two branches exit step 305 to indicate that there are two proccsi^es runnintj biiiiuUancuusly, 
i.e. in parallel. Step 306 is implemented in one of the parallel processes, in which the position of 

10 the user object is read in by the host computer. Preferably, Uie local processor continually receives 
commands from the host computer 16 to read signals from sp.nsorfi U or 1 10 and ro send those 
signals to the host computer 16. After the sensors axe read m step 306, the host computer can 
update a game or virtual reality environment in response to the user's movements of object 18 in 
step 305. For example, if the user moves a steering wheel object 18, the computer system 16 can 

15 move the point of view of the user as if looking oui a vehicle and luniiiig die vehicle. Steps 305 
and 306 are repeated continuously and in parallel with other interface processes so that the host 
computer receives the most recent position or change in position of object 18. 

The second branch from step 304 is concerned with the process of controlling the dampers 
of the present invention to provide force feedback to the user manlpulaung objea 18. The second 

20 branch starts with step 308. in which the host computer (and/or local microprocessor 25 1) check if 
a change in damping resistance is required lu be applied lo user object 18. This can be determined 
by several types of criteria. For example, if the host computer is implementing a video game, the 
position of a computer generated object widiin the game may determine if a change in force 
teedback ^damping resistance) is called for. If the user is controlling a space ship In the game and 

25 the space ship collides with an object such as an asteroid, then damping resistance should be 
applied to the user object 18. In many cases, die cuneni position of die user object, as delected in 
step 306, determines whether a change in damping resist;^nce is rftqiiired. In addition, other 
parameter in the game, simulauon, or other process implemented by the computer system 16 can 
determine if a change in damping resistance to the user obejci is necessary. For example, the 

30 computer system 16 may randomly detcmiine diat the user's space ship is impacted with an object 
due to "environmental" condiuons which arc iiui dcpcuJcm uii die posiiiou of die user object, such 
as a meteor storm, in which a greater damping resistance should be applied to simulate the impact. 



35 



If no change in damping resistance is currently required, then the process confinously 
returns to step 308 until such a change in damping resistance is required. When such a change is 
required, step 310 is implemented. In which computer system iGAocal processor checks If the new 
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damping resistance is to be uni-directional or bi-directional. Uni^diiectional damping resistance is 
applied iii only one specified diiection along a degree of freedom. Tlius, the user would feel 
resistance to the motion of The iKerohject IX is one direction, such a.^ cloclcwise or lelt. but wniifrl 
be able to freely move the object (or move the object with a different degree of resistance) in the 

5 opposite direcuon of that degree of freedom (or dimension), such as counterclockwise or right. 
Bi-dir«ctional damping resistance is applied to both directions along a degree of freedom so that the 
user would feel the same magnitude of lesiiiance in ciilicr direcuon. Uai- and bi-diieciional 
resistances can be determined by the game or other process implemented by computer system 16. 
For example, if a user's simulated race car collides into a wall, then uni^dircctional damping 

10 resi.<;tance should be applied only in the direction of the wall, since the user would be able to freely 
move in the reverse direction to the wall. However, if the Emulated cor is stuck in a simulated 
puul uf mud, then bi-diiecdonal resisjuince should be applied, since the car will feel the same 
resistance to motion in any diiection. 

If the required damping resistance is uni-directional, step 3U is implemented as described 
IS below. If the required damping resistance is bi-diicctionali then step 312 is implemented, in which 
the desired amount of damping reslKtance is applied or removexl to the usex object as specified by a 
conunand from the host computer. Preferably, the host computer sends a command to the local^ 
microprocessor 231 indicating the magnitude of damping resistance and the degree of freedom thai 
the resistance is to be applied (such as "horizontal" or "vertical"). If a single on-off valve is being 
20 used in the desired degree of freedom, dicn die uugnilude uf iesi5Utn(;e csin be specified as an "on** 
5;ignai (maxtmiim resii^rancA applied) or An "off* signal (no resistance applied). If variable, 
resistance con be applied, then a number from the host computer can indicate the naagnitude of 
damping resistance. The local processor, in turn, implements the command by sending an 
appropriate signal to the appropriate damper. 

2S After the. resistance has been applied, the process retums to step 30S to determine if there is 

a change in the applied damping resistance. Preferably, die hose compuier sysiciii 16 uiily scuds u 
command to change the magnimde of the resistance. Thus, if no change in damping resistance is 
required at step 308, the local processor will continue to command the dampers to i^ply the 
niagfiiiudc uf resisutnce thai was last provided to the local processor. Once a change in damping 

'M\ re^^isrance is required, then the process again implements step 310. 

If the required damping resistance in step 310 is not bi-directional, then it is uni-directional. 
Preferably, the host computer system sends a conunand to die local processor iudiuiliiiK die 
magnitude of the damping resistance to be applied and the specific direction in a degree of freedom 
in which the resistance is to be applied. For example, if o joystick has two degrees of freedom of 
35 "hoiizonuil" dnd "vcrdcal"", then the direction can be specified as ' horlzomal-lcft". "horizontal- 
nght '. "vertical-left" or ' verticaUrighi." Step 3U is then implemented, in which the host 
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r.nTnpnfer/ln«»l processor checks whether the user object is moving in the designated direction ot 
resistance. Since the preferred dampers of the present invention provide resistance bi-directionaliy, 
as described In the embodiments above, a desired amount of "play" may be implemented to detea 
movement in the direction opposite to the direction of resistance, as explained above with reference 
5 to Fij^ures 6a*6c. Preferably, llic IoluI pioccssoi iiuplcinciiis step 314 auiouuiuuusly as a "rcnc;^" 
to remove processing burdens from the host compiuex, remove communication lag from the 
computer sytcm 16 to the user object^ and improve system performance. Such a reflex is most 
appropriate when using a serial interface to communicate with the host computer. 

If the user is not moving in the diirction of resistance, then the user object can be mo%'ed 
10 freely and the process returns to step 308 to check if a change in the applied damping resistance (or 
lack in applied resistance) is required. If the user is moving in the direcuon of resistance in step 
314, then step 316 is implemented, in which the specified magnitude of damping resistance is 
applied to the user object. As explained above, the prcfencd dampers of the present invention 
always apply bi-directional resistance to the user object. Thus, to simulate uni-directional 
15 resistance, the computer or processor should be able to detect movement opposite to the direction 
uf rcsibuince. This is the reason for the inclusion of the play mechanism described with reference 
to Figures 6a-6e. 

After step 316, step 318 is implemented, in which the host computer/local processor again 
checks if the user object is being moved in the designated direction of resistance. If not. dieu local 

20 processor (or host computer) removes the applied damping re^i.^tance in step :V2(). The prf«:es.^ 
then returns to step 308 to check if a change in damping resistance is required. If the user object is 
bciu^ iiiuvcd ill die dircLtiuD uf resistance in step 318. then step 322 is implemenied. in which the 
local processor (or host computer) checks if a change in damping resistance is required. This can 
occur if the computer process of step 305 requires a diffeieai resistance to be applied, etc., as 

25 described above with Tcfcrencc tn step HOK; the host compnter can issue a command to processor 
251 to change the applied damping resistance (or remove the applied resistance; a removal 
command can be considered a bi-diiecdonal resistance command). If change in resistance is not 
required, then the process returns to step 318 to again check the direction of the user object. If a 
change in resistance is required, the process leturns to step 310 tu dclciuiiiic if die required 

30 resistance is bwdirectmn nr unidirectional, as described above. 

Steps 3i4-H22 are preterahly implementftd a? a "ret>.x" ftxerntf^d aiuonomously by the local 
processor 251. The local processor con independently check the direction of the movement of the 
user object and apply a uni-dixectional resistance when appropriate, thus freeing the host computer 
to run the application process of step 305. When a different resistance is to be applied, or a 
35 resistance i^moved, die host couipulcr can i&suc a cummand lo do so at die appropriate time. 
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The abovc-descfibed process can be used to provide a variety of haptic sensations to the 
user through the user object 18 to simulate many different types of tactile events. Three tN-pical 
haptic sensation.*; include a virtual obstruction, a virtual texture, and virtual damping. 

Virtual obstructions are provided lo simulate walls and other uni-direciional forces in a 
5 simulation, game, etc. For example, the movement of a cursor displayed on a display screen can 
be conuolled by a force feedback joystick. An obstruction, like a brick wall, can also be displayed 
on the screen. The user moves the cursor left until the. cursor encounters the obstruction. The user 
then feels a physical resistance as he or she continues to move the joystick left, since the local 
processor (receiving a command from the computer system 16) has applied maximum uni- 
10 directional resistance :n the direction of the obstruction in step 320 of Figure 1 6 above. If the user 
moves the cursor away from the. obstruction (right), the prtKessor removes the resistance in step 
318 of Figure 16. Thus the user is given a convincing sensation that the virtual obstruction 
displayed ua die screen has physical properties, 

Vinual textures can be used to simulate a surface condition or sdmilar texture. For example. 

15 as the user moves a joystick or other user object along an axis, the host computer sends a r^id 
sequence of commands informing tlic local processor to repetitively 1) apply bi-diicctional 
resistance along that ax^s, and 2) to then immediately apply no resi.stance along that axis. I his 
causes an on-off valve, for example, to open and close at a desired frequency. This frequency is 
based upon die travel of the joysuck handle and is thus correlated with spadal position. Thus, the 

20 user feels a physical sen.wtipn of texnire, which can be described as the feeling of dragging a stick 
over a graung. 

Virtual damping can be used to simulate motion through a viscous fluid, wind, or a similar 
resistive or "damping ' environment. For example, a cursor controlled by a joystick is moved 
through a region that simulates a thick liquid, sueh as syrup. The host computer 16 commands that 
23 a bi-direcdonal horizontal and vertical resistance be applied to the joystick when the cunsor enierx 
die region. The user feels the physical resistance as die cursor moves dirough die region. The 
resistance is immediately iwoved when die cursor exits die region. Thus the user is given a 
convincing sensation that the region displayed on the screen has physical properties. 

While this invention has been described in terms of several prefenred embodiments, it is 
30 contemplated that alterauons, modificaUons and permutations thereof will become apparent to those 
skilled in the an upon a reading of die specificauon and study of the drawings. For example, die 
linked members of gimbal apparatus 182 can take a number of actual physical si2es and forms 
while maintaining the disclosed linkage structure. In addidon. other gimbal mechanisms can also 
be provided with a linear axis member 184 to provide three degrees of freedom. A variety of 
35 devices can also be used to sense tbe posidon of an object in the provided degrees of freedom. 
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Other pneumatic (or hydraiilir.) dftvtcft.^ cnn «Iso be used to provide a passive resistance to a user 
object in accordance with the present invention. Furthcrmoic, certain terminology ha5 been used 
for Che purposes of descriptive clarit>'. and nor to limit the present invention, ir is rhemtore. 
intended thai the following appended claims include oil such alterations, modifications and 
peiiuuiaiioiis as fall wiihin the aue spirit and scope of the present invention. 
What is claimed is: 
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Other pneumatic (or hydraulic) devices can also be used to provide a passive resistance lo a user 
object in accordance with the present invention. Furthermore, certain terminology has been used 
for the purposes of descriptive clarity, and not to limit the present invention. It is therefore 
intended that the following appended claims include aU such alterations, modifications and 
permutations as fall within the true spirit and scope of the present invention. 
What is claimed is: 
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1. An apparatus for interfacing the motion of an object with an electrical system 
comprising: 

a sensor for detecting movement of said object along a degree of freedom, said sensor 
being operative to develop a sensor signal for an electrical system; and 

a passive pneumatic damper coupled to said object for transmitting a drag to said object 
along said degree of freedom to resist a movement of said object, said damper being responsive to 
a dampening signal provided by said electrical system; 

such that said sensor and said pneumatic damper provide an electromechanical interface between 
said object and said electrical system. 



2, An apparams as recited in claim 1 wherein said pneumatic damper includes a cylinder 
and a piston operative to move within said cylinder. 

3. An apparatus as recited in claim 2 wherein said pneumatic damper further includes a 
valve for regulating a flow of a fluid through said cylinder, said valve being controlled to transmit a 
variable drag to said movement of said object. 

4 An apparatus as recited in claim 3 further comprising a plurality of valves, wherein said 
plurality of valves are controUed to transmit said variable drag to said movement of said object. 

5. An apparatus as recited in claim 3 wherein said valve provides only two amounts of 
drag to said object, said two amounts being no drag to allow substantially free movement of said 
object along said degree of freedom, and a maximum drag to allow substantiaUy no movement of 
said object along said degree of freedom. 

6. An apparatus as recited in claim 3 wherein said valve provides at least three amounts of 
drag to said object along said degree of freedom. 

7. An apparatus as recited in claim 3 wherein said electrical system includes u digital 
computing apparatus, and wherein the size of an orifice in said valve is controlled by said digital 
computing apparatus. 
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8. A system as recited in claim 7 wherein said pneumatic donipcr includes a soieno.d and 
wherein w.d $ol«noid is electricaUy coupled to said digital computing apparatus and is activated by 
said digital computing apparatus to control said valve. 

9. An ^aratus as recited in claim 7 whexein said fluid is air. 

5 10. An appaiaius as recited in claim :< wherein said sensor includes a digital encoder. 

11. Ai, apparatus as recited in claim 2 wherein said sensor ha* a scusiuK resolution and 
wherein said apparatus further includes a play mechanism coupled between said pneumatic damper 
and said object for providi.i« a desired amount of play between said pneumatic dampa and said 
object along said degree of fr^dom. wherein said desired amount of play is equal 10 or greater than 

3 said sensing resolution. 

12. An apparatus as recited in claim 12 wherein said .v.nsor is rigidly coupled to said 
object, and wherein an amount of piay less than said sensing resoluuon exists between said sensor 
and said object. 

13. An apparatus as recited in claim 13 wherein said play include, rotarj' backlash 

> provided by a coupling coupled to said object and having a keyed bore which is smaller Uiax. a " 
lcc>xd shaft that Is received by said keyed bore, said keyed shaft being coupled to said pneumptic 
damper. 

U. An apparatus as recited in claim 7 wherein said object is one of the group consisting of 
a joystick and a stylus. 



15. An apparatus for Interfacing the motion of an object with an electrical system 
comprising; 

a transducer mer.hanism providing a firat degree of fiecdum to an object engaged with said 
transducer mechanism; 

a sensor electricaUy coupled to said electrical .system and rigidly mechanicaUy coupfed to 
said uanducer mechanism for sensing positions of said object along said fust degree of freedom- 
and 

a braking mechanism electrically coupled to said electricaJ .sy.«em and rigidly mechnnically 
coupled to said gimbal mechanism to create a passive damping resistance to movement of said 
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ohjecr along said first degree of freedom, said braking mechanism including a damping mechanism 
that provides said damping icsisiance by controlling the flow ot a fluid; 

whereby said biakiiiK iiinchanii>m and said sensor provide an eleciromechanical interface 
betu'cen said object and said electrical system. 

16. An apparatus as PBcited in claim 15 wherein said transducer niixluniim includes a 
gimbal mechanism providing a fust revolute degree of freedom to said nbjert engaged with said 
gimbal mechanism about a tir.u avis of rotation. 

17. An apparatus as rectred in cJaim 16 wherein said gimbal mechanism provides a second 
degree of freedom to said object about a second axis of iDiaiiuii. and further comprising a «conri 
scasoi for sensing positions of Said object along said second degree of freedom and a second 
braking mechanism to create a passive damping resistance aloiig said second degree of freedom by 
couuullin;^ the flow of a second gas. 

18. An apparatus as recited in claim 17 wherein said gimbal mechanism includes a closed 
loop fi vft member linkage. 

1 9. An apparatus as recited in claim 18 wherein said five member linkage includes: 
a ground member coupled to a ground surface; 

first and second extension members, each extension mcmbei bcins coupled to said ground 
member, 

first and second central members, said first central member having an end coupled to said 
first extension member and said second central member having an end coupled to said secoud 
extension member, wherein said central mcmbcis arc coupled to said linear axis member at ends 
not cuuplcd to said extension members. 

20. An apparatus as recited in claim J 7 wherein said braking mechanism includes a piston 
assembly and a valve. 

21. An apparatus as recited in claim 20 wherein said piston assembly includes a cylinder 
and a piston operative lu lauve within said cylinder, said piston being coupled to said object by a 
piston rod. 

22. An apparatus as recited in claim 21 wherein said piston rod includes two ends, wslIj 
end including a ball joint. 

23. An apparatus as recited in claim 21 wherein said fluid is air. 
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24. An appaiatui as rcciied in claim 23 wherein said ohjecr includes a joystick. 

25. An apparatus as icciicd in claim 17 wherem said electnc;^! system includes a dipul 
processing system for providing a braking signal to said braking mechanism and foi iccciving an 
electrical signiil from said sensor. 

26. An apparatus as icciicd in claim 15 wherein said object is capahJe. of being moved 
along said at least one degree of freednm by a user grasping said object. 

27. An apparatus as recited in claim 15 further comprising a second braking mechanism 
electricaUy coupled to said electrical system and rigidly nicdianically coupled to said transducer 
mechanism to create a passive damping resistance to mwejoent of said object along a second 
degree or freedom, said braking mechanism including a damping mechanism that provides said 
damping resistance by conuoUiuK flow of a fluid. 

28. All apparatus as recited in claim 27 wherein said rransdncex system includes a first 
linear member coupled between said object and said braking mechanism to provide a fust linear 
degree of freedom to said object, and a sccuud linear member coupled between said ohjecrf and said 
sccuud braking mechanism to provide a second linp.flr degree of freedom to said object. 

29. An apparatus as recited in claim 2K wherein said first linear member is a flexible 
memher that fleoes when said object is moved in said second degree of freedom, unti wherein said 
second linear member is a flexible member that flexes when said object is moved in said first 
degree of freedom. 

30. A method for inlertacing motion of an object with an electrical system, the method 
comprising the steps of: 

providing an object having a degree of freedom, 

sensing positions of said object along said degree uf freedom with a sensor and producing 
electrical 5casur signals therefrom; and 

crcatiiit; rcsistance lo movement of said objexr along said degree of freedom by regulating 
the flow of a fluid, 

HI . A method as recited in claim 30 wherein said degree of freedom is a luLary degree of 
freedom. 

32. A method as recited in cLuiu 30 wherein said degree of freedom is a linear degree of 
freedom. 
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33. A method as racited in claim 30 wherein said step of creating a resistance to movcmenr 
of said object includes coupling a passive brake lo said object tn provide said resistance. 

34. A method reciced in claim 33 wherein said bralce includes a piston assembly and q 
valve to regulate said flow of said fluid. 

35. A method as recited in claim 34 wherein said fluid is air, and wherein said piston 
assembly and said valve comprise an open loop system for circulanag air supplied externally to 
said piston assembly and said valve. 

36. A method as recited in clflim 34 wherein said piston assembly and said valve comprise 
a closed loop system for circulating a substantially flxed amount of said fluid within said pisfoo 
assembly and said valve. 

37. A method as recited in claim 33 wherein said brake includes a cylinder and a piston, 
wherein an electrorheological fluid and a plurality of electrodes arc provided iu said cylinder such 
that said step of iiegulaiiiiK said flow of said fluid is accomplished hy applying a voltage to said 
electrodes to contml a viscosity of said electrorheological fluid and thereby regulate said flow of 
said fluid. 

38. A method as recited in claim 33 further comprising a step of reading f^id sensed 
positions of said object hy receiving said electrical sensor signals and controlling said brake by 
outputting said electrical drag signals. 

39. A method as recited in claim 34 further comprising a 5Lcp of providing a gimbal 
mechanism to wliich said object is coupled, said gimhal merhnnism providing two degrees of 
freedom tn said object. 

40. A method as recited in claim 39 wherein said gimbal mechanism is a closed loop five 
member linkage. 

41. A method as recited in claim 34 further comprising a step of providing a Rloned yoke 
mechanism lo which said object is coupled, said slotted yoke providing two degrees of freedom to 
said object. 

42. A system for controUing an ele ctrom echanical intcifacc apparatus manipulated by a 
user, the sysieiu comprising: 

a digiial computer system for receiving an input cnntml signal and for providing an output 
confrnl signal, wherein said digital computer system updates a process in response to said iiapui 
control signal; 
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a.passivc daiupcr for receiving said output control sigiuU and providing a resistive force 
along a degree of frceriom to an object coupled to said passive daiupcr. said resistive force being 
based on q flow of a fluid witlm. said passive damper, said flow of said fluid being based on 
infonnaiion in sajd nnrpm control signal, wherein said resistive force icsisis a user force appiieci to 
5 said object by said user along said decree of freedom: and 

a sensor for detecting uiouon of said object and oiijpiitting said input control signal 
including informaUon represenrafive of the position and motion of said object lo said digital 
romputer system. 

43. A system as recited in claim 42 wherein said proces.s updated hy said digital computer 
1 0 system iududcs simulation and video game software. 

44. A system as recited in claim 42 wherein said passive damper includes a pneuuuiic 
braJce for controlling the flow of said fluid, wherein said fluid is air. 

A.'S. A. system as recited in claim 44 wherein said pneumatic brake include.'; a piston 
assembly and a valve for regulaiinK said flow of said air. wherein said flow of said air is regulated 
15 by said digital computer system. 

46. A system as recited in claim 45 wherein said object is grasped and moved by said user. 

47. A system as reciieri in claim 46 wherein said digital computer displays a view of a 
video game to said user, wherein said user can iatcratl with said video game by manipulating said 
object. 

*° '^S. A system as recited in claim 4S ftmher comprising a local processor for receiving said 

output control signal from said digital computer system and providing a second output control 
signal to said passive damper, said processor receiving a ser ond input control signal from said 
sensor and outputting said input control signal to said digital computer system. 

49. A system as recited in claim 48 wherein said local processor is operative to provide 
2-i said second output control signal to said passive damper in response to said position and mouon of 

said object iiidepcndenUy of said output control signal from said digital computer system. 

50. A system as recited in claim 49 further comprising a serial interface for outputting said 
output rontrol signal from said computer system and for receiving said Input control signal to said 
computer system. 
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51 . A system as recited in claim 48 further comprising a digitiU to analog cunvener coupled 
to said digital computer system thot receives said output control signal ftDm said computer system 
in digital form and for cunvciting said output contml signal to analog form. 

52. A system as recited in claim 47 wherein said output control signal controb said 
resistive force to simulate said object moving into an obstacle. 

53. A system as recited in claim 47 wherein said output coutiul signal control.'; sa.rt 
resistive force to simulate said object laoving over a textured surface. 

54. A system as recited in claim 53 wherein said outpHt control signal controls soid 
icsistive force to simulate said object moving through a damping environment. 



10 



^0 9M2m PCT/L.S96/096«4 

1/18 




figure la 



wo M/42078 



PCT/US96/M664 



2/18 



10 



41- 




39 



31- 



22^ 



7 




4r 

2^29 



'33 



'56 



16 



COMPUTER 




14 



Jigure IS 



wo y6/43U78 



PCTA;S96/09664 



3/18 




¥^0 y6/42U78 



PCTAJS96/09664 




wo 96/42078 



5/18 



rCT/US96/09664 




WO.9£/42078 



6/18 



PCT/US96/09664 




wo ^6/42078 



PCT/US96/09664 




wo 96/42078 



22b 




22a 



12a 



14b 



J ^46b 



Jigure 55 



^20a 



22b 




Jigure 5d 



104b 
107b V 



TSiSStTOQS Co =10 i66T. 'ST/CO 



WO9W3078 PCT/VS96A)9664 




T3i55rr003 CC: TO i66I/cI/CQ 




I3i6St?fQQ3 



wo 96/4307* 



PCT/US96/09Wi4 



11/18 



6d^ 



156 



144 




114 




144 



!Fi^ure 6c 



Jigure Gd 



160 



154 



Jigurt 6e 




114 



156 166 



106: 



113- 




^Figure 7 



T9i6StTQ83 CC-TQ i66I/CI/C0 



wo 96/42079 



12/18 



PCTAJS9<iA)9004 




irdlidO 



T9i65trrQQ3 



wo ?6/43078 



PCT/US96/09664 



13/18 




irdlidO 



WOP6/43078 



i'Cl7ii2{96/09664 



14/18 




wo M/42078 



16/18 



PCT/US9«i/0y<i(»4 



250 



^ 



16^ 



COMPUTER 



I- 



254 



100. 106 



14. 7 10 



SENSORS 



EMBEDDED 
CONTROL 
ELECTRONICS 



'252 



'251 



DAMPERS 



1 



12,108 



Jigure 12 



wo 96/42078 



PCT/US90.'D9664 



17/18 



270 



SENSOR f-- 74,7 70 ^^gV 



SENSOR \^274 
INTERFACE 



+12 V 



76' 



COMPUTER 



7 



282 



Tigure 13 




278 



TTTT 



COMPUTER 1 


H 


SENSOR 1 
INTERFACE | 









14,110, 



L 



SENSOR 



] 




figure 14 



SOLENOID 
OR BRAKE 



7777- 



wo 96/430T8 



18/18 



300 




figure 15 



'304 



PROCESS HOST APPLICATION 



'305 



READ POSITION 
OF USER 
OBJECT 



—306 




12 



APPLY OR REMOVE 
DAMPING 
RESISTANCE TO 
USER OBJECT 
ACCORDING TO 
HOST COMMAND 



APPLY DAMPING 
RESISTANCE TO 
USER OBJECT 
ACCORDING TO 
HOST COMMAND 




'316 



320 

REMOVE 
DAMPING 
RESISTANCE 
TO USER 
OBJECT 



INTERNATIONAL SEARCH REPORT 



IntcmfttioMl tppbcfttion No. 
KT/V596f09664 



A. CLAXSIFir.ATlON OF SUBJECT MATTER 
IPC(«) *C090 3/U2 
US CL :U5ns^^ 16! 

AcoordLng u > Intcn^tiotul P4lcm CUttincttion QPC) or to boih nttionil cUuiftcation tnrf IPC 
FIELDS SEARCHED " ~ ' 



Minimum documcnuiion M^iuhod (cltssinciUon i/ii£ffl followed by elftitifieition lymbols) 
U.S. : 345/156, 161. i57; 341/20; 74/471XY 



Documcnuiion setrched other lh«n mimmum documenmion lo th. ..i^ that .uch docvmenu tn; ii.duUcd In the Geid< «e.rrh«l 
NON£ — ™» 



Eleoifonic d^u tMie i».»yiifij during (he Iniemitioiul learch (name of d«u buc «nd. whcrr pr.er;«ibir „ 



APS 



•Mfch icrme uccd) 



C. DOCUMENTS CONSIDERED TO bE RELEVANT 



CiutSon of document, with indic«uufi. where approprtatc, of the rejcvaiit otsugex 



US, A, 5,143.505 (BURDEA ET AL.) 
01 September 1992 
cee the entire document 

US, A. 5,182,557 (LANG) 

26 January 1993 

see the entire document 



dACumenu arv liiiod in the conlinufttion of Bwa C, |~| 



R^levani rn cUim Ko. 



1-2, 30-32 and 
42-43 



V54 



See patent lamily innei. 



to be ptA of OMAicvW nle*tti« 

atU«f tf viuBcm pvbiiM 0(1 Of iAv Um jottmiimt ruini 4iia 
rfnr^tKinii wk^eb ikwv 4«Aw oa tHMiiiy fcblB(i) or wUct It 
a«il KMM (u wifMtf) 
eonnott wIMif le w ofil d^taun, 



*r bicr4a 



4m> ud ftA ia eonAiA with U» «MriAli/« >m\ to u^««iuftd iZ 
pnociplB or «a>fy itfde/^a« ifac nvauian 

Of portki.w fdov«n; ihc ehra^ st« 
oootUtfid 09»cl or c«A&a« be oMdftmi in iD«oK« 
«btt ite oocwnoi • (Ma tioM 



IfcBj ^fipniy 4 «t» cfe;«.«ai 




Uaie of Ihe actual eompletion nf the intemattfnal fooreh 
13 AUGU:kT 1996 



Namo and moiitM oddmaa of the ISA/US 
CommiaMMsr orTMOiiu Tratlomattf 
ttoaPCT 

^^oAinfion, b.C. 20131 

Facsimile Nn ^703) 305O230 



Porm PCT/15A/21U (aceond aheelKJuly 1993)* 



Dole of moillii^ uru»« ifiicmaUonAJ learcti repoR 

16SEP1996 




^BNNIS CilOW 
Telephone No. n O)) 305'^39a 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 
^KfADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

^ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



